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A new method of chromate production by applying a new reaction system of KOH-
KNO3-H2O (binary submolten salt system) is proposed and proved feasible. Under condi-
tions of temperature 350�C, KOH-to-chromite ore ratio 2:1, stirring speed 700 rpm,
KNO3-to-chromite ore ratio 0.8:1, oxygen partial pressure 50%, and gas flow 1 L/min,
chromium conversion ratio obtained is [98% with reaction time around 300 min. The
decomposition of chromite ore in the system is a typical process of solid–
liquid–gas reaction, which is coordinately controlled by mass diffusion in product layer
and interface reaction. Apparent activation energy of decomposition in the temperature
range from 280 to 370�C is 55.63 kJ/mol. During reaction, oxygen dissolves into KOH-
KNO3-H2O melt system first and some cluster, e.g. O2�

2 , is formed and the mass diffusion
coefficient of the cluster was calculated. The system can be considered as both a media of
oxygen transportation and reactant donator. Potassium nitrate plays a role of catalyst in
the oxidation decomposition reaction of chromite ore and potassium hydroxide. VVC 2009
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Introduction

Pollutions from traditional chemical industries have been
always threatening the environment severely.1 They contami-
nate the water, destroy the soil, and dirty the atmosphere. To
solve the problem, a great deal of effort has been devoted to
process optimization and waste reduction.2 However, pollu-
tion is usually inherent in the process itself. Therefore, from

the last several decades green chemistry has been proposed
and applied in traditional chemical field.3,4

Chromate production is a highly important traditional
industry providing basic and intermediate products for such
industries as metallurgy, chemistry, and refractory, but its
process is usually a major source of pollution.5 Traditionally,
chromite ore is processed with the addition of limestone and
dolomite at about 1373 K in a kiln or rotary furnace, with
low-utilization efficiency of resources and energy, producing
a hazardous residue containing about 5% chromium, e.g.
CaCrO4, which is harmful to the environment. Reactions 1–3
occur with the generation of CaO from limestone and
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dolomite under the condition of traditional process. Once the
CaCrO4 is airborne, it behaves as a further threat to all liv-
ing beings because of its irritative, corrosive, and carcino-
genic characters.6

2CaOþ Cr2O3 þ 3

2
O2 ! 2CaCrO4 (1)

2CaOþMgO � Cr2O3 þ 3

2
O2 ! 2CaCrO4 þMgO (2)

2CaOþ FeO � Cr2O3 þ 7

4
O2 ! 2CaCrO4 þ 1

2
Fe2O3 (3)

To optimize the chromate making process, many attempts
have been carried out based on the following purposes:
higher utilization efficiency of chromite resource, lower
reacting temperature, and lower chromium content in resi-
due. Either hydrometallurgical or pyrometallurgical process
is often used, especially acid or alkali leaching methods. Sul-
furic acid is one of the common additives in the acid leach-
ing of low-grade chromite to remove iron, aluminum, and
other impurities to produce trivalent chromium com-
pounds.7–9 In alkali leaching, sodium carbonate is used as
the main reactant.10 The soda-ash roasting process has been
commercially used for many years.11–13 Frequently, sodium
hydroxide is used because of its higher reactivity. In earlier
reports, chromite ore was treated with molten sodium hy-
droxide under oxidizing conditions using air or oxygen, or
even NaNO3, to make sodium chromate.14–16 In addition,
oxychlorination and carbochlorination of chromite ore have
been investigated.17–19 However, all the aforementioned
researches are only optimizations and never reducing pollu-
tions from the viewpoint of green chemistry. Still, the envi-
ronmental problem has not been resolved.

Recently, a novel KOH leaching process according to the
principles of green chemistry, in which the recovery of chro-
mium from chromite ore can be raised to above 99% and the
residue amount reduced to 0.5 ton per ton product when com-
pared with 2.5 ton in traditional processes, has recently been
proposed by Zhang and coworkers20–23 A demonstration plant
has been built in He’nan province, which has approached zero
emission of chromium residue. The process has been named
as submolten salt method (KOH-H2O) and attracted interest-
ing from related research groups and industries worldwide
and national financial supporting. In this article, we first pro-
posed an additional new process named binary submolten salt
method to produce K2CrO4 from chromite ore by utilizing the
lower molten point of KOH-KNO3-H2O to lower the amount
of KOH in the leaching process and reduce the energy con-
sumption. The effects of main factors, including KOH
amount, KNO3 amount, oxygen partial pressure, flow amount,
reaction temperature and time, and the reaction macrokinetics
are investigated. In addition, the reaction mechanisms and
KNO3 behavior are briefly discussed.

Materials and Experiments

Minerals

The chromite ore specimens originating from Vietnam
were obtained from He’nan Zhenxing Chemical Group in
China. The sample was dried overnight at 110�C and passed
through �200-mesh sieves to obtain desired fractions for the
extraction experiments. The chemical analysis of the Viet-
namese chromite ore \200-mesh is given in Table 1 (com-
position varies but little with mesh size). The ratio of Cr to
Fe in the chromite ore is 1.63 and the content of SiO2 is rel-
atively high. Mineralogical analysis shown in Figure 1 indi-
cates that Vietnamese chromite ore consists mainly of mag-
nesiochromite and quartz.

The reagents potassium hydroxide and potassium nitrate
employed in this work are of analytical grade and made by
Beijing Chemical Plant. Distilled water was used throughout
the experiments whenever needed.

Experimental apparatus and procedure

All experiments were performed in a muffle furnace with
a stainless steel open-top crucible (the volume is 1 L).
Certain amount of KOH and KNO3 were first mixed in the
crucible. Second, water was added making a mixture of
KOH-KNO3-H2O. With the increase of temperature, the mix-
ture formed a homogeneous liquid. When the temperature
reached the setting value, the chromite ore prepared as
already described was put in. During reaction, the system
was fully mixed using a stirring machine (700 rpm). The vis-
cosity of the melt is a very important factor that can impact
the conversion ratio of chromium from chromite ore. How-
ever, the limitation of related data makes it hard to be
quantified. The goal of the process is to optimize the energy
consumption in our previous submolten salt process.21

Therefore, little focus would be on the properties of the
melt. After reaction, a separation procedure was performed
to obtain liquid KOH-KNO3-H2O mother solution (with a
salt mass ratio of about 50%), chromate crystal and ferric-
rich residue. The temperature of the muffle furnace was con-
trolled by a programmable temperature controller, with a
precision of �2�C. The air to oxidize the chromite ore in the
experiment was provided by an air compressor and

Table 1. Chemical Analysis of 2200-Mesh Vietnamese

Chromite Ore

Component Cr2O3 FeO MgO SiO2 Al2O3 MnO2 CaO

Content, wt% 41.40 22.31 8.88 12.73 11.94 0.08 0.12

Figure 1. XRD pattern of Vietnamese chromite ore.
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controlled by a flow meter. In some cases, the oxygen or air
flow was replaced by N2 to stop the reaction and the fusion
products were cooled to room temperature for analysis. A
schematic graph of experimental apparatus was shown in
Figure 2. To gain the values of chromium conversion ratio
from chromite ore to chromate, the residue was washed with
hot distilled water carefully for at least four times and then
dried at 110�C for 24 h. The mother solution, chromate
crystal, and the solution for residue washing were also ana-
lyzed for Cr, Al, Si, and K. All experimental data were the
average values of two or three parallel experiments. The
fraction of chromium converted to potassium chromate was
calculated using the expression:

pct Conversion ¼ ð1� ½Cr�r=½Cr�0Þ � 100 (4)

where [Cr]r and [Cr]0 are the concentration of chromium in the
residue and the concentration of chromium in the chromite ore,
respectively.

NO�
3 , NO

�
2 in the final products and contents of the exhaust

gas were detected to examine the behavior of KNO3.

Chemical analysis and phase identification

The chromite ore, leaching solutions, and chromate crys-
tal, residue were analyzed by ICP-OES (PE Optima
5300DV, PerkinElmer) and the phases with X-ray diffraction
(XRD, Phillips PW223/30). Scanning electron microscopy
(SEM) images of the chromite ore, crystal, and the residue
were obtained with SEM (JEOL, Japan) equipment. The
chromium content was also analyzed by volumetric titration
to compare with the ICP-OES analysis. Water for analysis
was super purified by a water super-purification machine
(Milli-Q; Millipore). NO�

3 and NO�
2 in the final products

were analyzed by ion-chromatogram (DX-500) and the
exhaust gas by a gas analyzer (QUINTOX).

Results and Discussion

This new method is based on the submolten salt method
which has been described detailed in the related references.21

By adding KNO3, the amount of salt during processing chro-
mite ore can be decreased and a binary submolten salt sys-
tem generates. The Cr conversion ratios from chromite ore
to chromate salt are obtained to determine the effects of
different parameters in the new process.

Effect of KOH-to-chromite ore ratio

The amount of KOH using during reaction is an important
factor, influencing mass transportation and its recycling
amount in the whole process. In Figure 3, the effect of
KOH-to-chromite ore ratio on chromium conversion ratio
from chromite ore to potassium chromate is shown. Under
the conditions of temperature 350�C, stirring speed 700 rpm,
KNO3-to-chromite ore ratio 0.8:1, oxygen partial pressure
50%, and gas flow 1 L/min, the conversion ratio jumps from
85% at 1.5:1 for 320 min to nearly 100% at 3:1 for
250 min. For different KOH-to-chromite ore ratios, very
slight increase of conversion ratio at the first stage (from 0
to around 30 min) and apparently increase at latter stages of
the reaction are observed. Combined with the effect of reac-
tion time, it shows a typical result for a solid–liquid reaction,
indicating the decrease of reaction surface area or the thick-
ening of product layer of solid. At the first stage, no or very

Figure 2. Graph of experimental apparatus.

Figure 3. Effect of different KOH-to-ore ratios on chro-
mium conversion ratio.

Figure 4. Effect of KNO3-to-ore ratio on chromium con-
version ratio.
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thin product layer generates and therefore has little effect on
the transportation of mass. With the increase of time, the
solid product layer inhibits the diffusion of KOH and oxygen
and a flat stage appears. On the other hand, the increase of
KOH amount can enhance reaction as shown in Eq. 5.

1

2
FeO � Cr2O3 þ 2KOHþ 7

8
O2 ! 1

4
Fe2O3 þ H2Oþ K2CrO4

(5)

Effect of KNO3-to-chromite ore ratio

According to the previous work, lowering KOH amount
will increase reaction temperature due to inhibiting mass
transportation.23 Therefore, the addition of KNO3 is aimed
to form a lower melting point liquid (KOH-KNO3-H2O) and
decrease the viscosity of the system. In Figure 4, the effect
of KNO3-to-chromite ore ratio on chromium conversion ratio
is investigated. The reaction conditions are of temperature
350�C, stirring speed 700 rpm, KOH-to-chromite ore ratio
2:1, oxygen partial pressure 50%, and gas flow 1 L/min.

There is obviously a counteracting behavior and an opti-
mized value of KNO3-to-chromite ore ratio exists. During
the decomposition of chromite ore, reactivity and viscosity
of the system are two important factors that can determine
the conversion ratio of chromium. In one case, the increase
of potassium nitrate would decrease the reactivity of the sys-
tem by diluting KOH concentration obtaining lower chro-
mium conversion. In another case, the viscosity is decreased
with the increase of KNO3 amount which can enhance mass
transportation during chromite ore decomposition. To reduce
the recycling amount, KNO3 should be added as few as pos-
sible. The one with lower potassium nitrate amount (0.8:1)
shows faster reaction rate in the first stage of reaction, while
lower rate in the later stage when mass diffusion dominates.

Effect of oxygen partial pressure

As shown in Eq. 5, oxygen is an important reactant play-
ing the role of oxidizing Cr3þ in chromite ore to soluble
Cr6þ. In the reaction conditions of temperature 350�C, stir-
ring speed 700 rpm, KOH-to-chromite ore ratio 2:1, KNO3-
to-chromite ore ratio 0.8:1, and gas flow 1 L/min, the effect
of oxygen partial pressure (10, 25, 50, and 100%) on
chromium conversion ratio is investigated and shown in
Figure 5. The conversion can increase from 60% with oxy-
gen partial pressure of 10% for 125 min to 86% with pure
oxygen for 95 min. It indicates the increase of oxygen partial
pressure can enhance oxygen transportation in the system of
KOH-KNO3-H2O.

Effect of gas flow

Figure 6 shows the effect of gas flow (with different gas
flow, 1 L/min, 2 L/min, and 3 L/min) on the conversion of
chromium under the conditions of temperature 350�C, stir-
ring speed 700 rpm, KOH-to-chromite ore ratio 2:1, KNO3-
to-chromite ore ratio 0.8:1, and oxygen partial pressure 50%.
In the first stage of reaction, no increase of conversion can
be observed which indicates the mass diffusion playing less
important role. However, as the thickening of solid product
layer and decreasing of potassium hydroxide, mass

Figure 5. Effect of oxygen partial pressure on chro-
mium conversion ratio.

Figure 6. Effect of flow meter on chromium conversion
ratio.

Figure 7. Effect of temperature on chromium conver-
sion ratio.
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transportation or diffusion would become a dominate factor.
Therefore, obvious increase of conversion is observed with
the increase of gas flow in the later stage.

Effect of temperature

Temperatures range from 280 to 370�C are investigated
with other conditions of gas flow 1 L/min, stirring speed 700
rpm, KOH-to-chromite ore ratio 2:1, KNO3-to-chromite ore
ratio 0.8:1, and oxygen partial pressure 50%. As related in
Refs. 23 and 24, the increase of temperature can accelerate
the decomposition of chromite spinel and change reactions
equilibrium of the system. In Figure 7, chromium conversion
shows clear temperature dependence. At 280�C, conversion
is kept low, i.e. \80%, even with reaction time of 300 min.
The increase of conversion can be observed in both first
stage and later stage of reactions. However, the system
(KOH-KNO3-H2O) becomes hard to control and water inside
evaporates much faster.

Macrokinetics of chromite ore decomposition

The temperature dependence of chromite ore decomposi-
tion can be used to estimate the apparent activation energy
and elucidate the macrokinetics of the process, both helpful
for reactor scale-up and project exercise. It is also a way to
enclose the decomposition mechanisms. During the decom-
position of chromite particle in KOH-KNO3-H2O after the

dissolving of oxygen, the following steps can be included:
(1) the pseudo cluster from KOH and O2 (the cluster is dis-
cussed in the later part) diffuses from the melt to the particle
surface through the liquid boundary layer; (2) the cluster dif-
fuses from the particle surface to the reaction interface
through the residue layer; (3) Reaction 5 happens in the
interface; (4) the chromate from Reaction 5 diffuses from
the interface to the particle surface; and (5) the chromate dif-
fuses from the particle surface to the melt. Because of the
previous phase equilibrium results,25 the solubility of potas-
sium chromate decreases very fast due to the increase of salt
concentration and a very small solubility reaches in the melt.
Chromate can be considered in crystal state after reaction.
The densities of the residue and crude crystal after separa-
tion are 1800 kg/m3 and 2500 kg/m3, respectively, which
mean they are very easy to be separated by gravity forces
under the strong stirring conditions during the process.
Therefore, only Steps 1–3 were considered.

During decomposition, chromite ore was attacked by
KOH with progressive erosion of the spinel structure and
resulted an amorphous-like residue (Figure 8). The corre-
sponding XRD patterns and chemical composition are shown
in Figure 9 and Table 2, respectively. Because of the com-
parison of chromite ore and its residue in Figure 8 and addi-
tional work about chromite ore processing, the decomposi-
tion of a chromite ore particle can be theoretically described
by unreacted shrinking core model.24,26

The decomposition of chromite particle in the melt is a
combination process of mass transfer, diffusion, and chemi-
cal reaction in macroscope (Steps 1–3). To make the macro-
mechanisms clearer, the mass transfer was considered sepa-
rately. Because of the kinetics theory of gas–liquid–solid
reaction,27 Steps 1–3 can be derived by following.

Step 1, the pseudo cluster from KOH and O2 diffuses
from the melt to the particle surface through the liquid
boundary layer. The mass flux rL can be obtained by

rL ¼ 4pR2
0kMðC0 � CsÞ (6)

where kM is the mass transfer coefficient of the cluster from
KOH and O2 in liquid boundary layer, R0 is the radius of the

Figure 8. Comparison images of chromite ore and its resulting residue.

Figure 9. X-ray diffraction of chromium residue.

Table 2. Composition of the Chromium Residue

Contents Cr Fe Mg Mn Al Si Ca Ti V K

wt % 1.08 27.49 8.16 0.15 5.67 5.13 0.90 0.20 0.03 4.12
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particle (the thickness of the liquid boundary layer can be
neglected compared with the size of the particle in this case),
C0 is the concentration of the cluster at t ¼ 0 and Cs is the
concentration of the cluster on the surface of the particle.

Step 2, the cluster diffuses from the particle surface to the
reaction interface through the residue layer. The mass flux rP is

rP ¼ 4pr2i De

dC

dri

� �
¼ 4pDe

R0ri
R0 � ri

ðCs � CiÞ (7)

where ri is the radius of the unreacted chromite core, De is the
mass transfer coefficient of the cluster in the residue layer, Ci

is the cluster concentration in the surface of the unreacted
chromite core.

Step 3, Reaction 5 happens in the interface. The reaction
is considered irreversible and estimated as pseudo first order
reaction. The reaction rate vi is

vi ¼ 4pr2i kreaCi (8)

where krea is the reaction rate constant.
In the case of stability, Eqs. 6–8 are equal and the main

reaction rate r of chromite particle decomposition is
obtained

r ¼ 4pR2
0C0

1
kM

þ R0ðR0�riÞ
Deri

þ 1
krea

ðR0

ri
Þ2

(9)

Because the radius of the unreacted chromite core ri is
hard to measure, the conversion ratio f obtained from Eq. 4
is used to replace the radius.

f ¼
4
3
pR3

0 � 4
3
pr3i

4
3
pR3

0

¼ 1� ri
R0

� �3

(10)

The amount of solid chromite core reacted via Reaction 5
in the time span of dt can be calculated from the main
reaction rate.

rdt ¼ �x
q
M

� �
4pr2i dri (11)

where q is the density of chromite particle, t is the reaction
time, M is the molar weight of chromite ore, and x ¼ 4 can be
obtained from Reaction 5.

Because of the aforementioned derivation, the relationship
between the conversion ratio and the main reaction rate can
be obtained as

df

dt
¼ 3M

xqR0

C0

1
kM

þ R0

De
ðð1� f Þ�1=3 � 1Þ þ 1

krea
ð1� f Þ�2=3

(12)

By integrating Eq. 12, the following equation is deduced

f

3kM
þ R0

6De

½1� 3ð1� f Þ2=3 þ 2ð1� f Þ�

þ 1

krea
½1� ð1� f Þ1=3� ¼ MC0

xqR0

t ð13Þ

where q ¼ 4.5 g/cm3 for chromite particle, R0 ¼ 3.7 � 10�5 m
for 200 mesh, M ¼ 223.8 g/mol, C0 ¼ 26.3 mol/L when the
weight ratio of KOH and KNO3 is 2:0.8.

At the first beginning when the conversion ratios are rela-
tively small and the residue layer is very thin, the mass
transfer in the liquid boundary layer is much more important
than the mass diffusion in the residue layer. However, the
reaction rate is normally very fast in the beginning during
chromite ore decomposition and slows down after the resi-
due layer forming, which makes the real mass transfer deter-
mined process is hard to be detected. To roughly evaluate
the mass transfer of the cluster from KOH and oxygen, the
method described in Ref. 28 was adopted by calculating the
Sh number.

Sh ¼ 2kMR0

DKOH

¼ 2þ 0:95Re1=2Sc1=3 (14)

where Re ¼ 2qMvR0

lM
and Sc ¼ lM

qDKOH
, v is the mean velocity of

the fluid around the chromite ore particle, qM is the density of
the melt, lM is the viscosity of the melt, and DKOH is the self
diffusion coefficient of KOH in the melt.

Because of the absence of the properties of the melt
KOH-KNO3-H2O, the data and methods from the related
reference29 were taken into account. The density qM and
viscosity lM were estimated as 1.75 � 103 kg/m3 and
2.24 � 10�3 Pa s from the viscosities of KOH and KNO3

melt using a linear equation. The mean velocity of the
melt around the chromite ore particle was estimated as
0.3 m/s for stirring velocity 700 rpm and impeller radius
0.025 m. The diffusion coefficient of KOH in the melt was
estimated as 1 � 10�9 m2/s. Then, the mass transfer coeffi-
cient kM through the liquid boundary layer around the chro-
mite ore particle was calculated to be 6.07 � 10�4 m/s
according to Eq. 14.

With the increase of reaction time, the diffusion in the res-
idue layer becomes dominated and the first part of Eq. 13
can be eliminated. To evaluate the process, the conversion
data are substituted into different empirical macrokinetics
equations from Eq. 13.27 As shown in Figure 10, Eq. 16 has

Figure 10. Relationships between Cr leaching rate [1 2
3(12 f)2/3 1 2(12 f)] and time [12 (12 f)1/3].
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higher fitting relevance for the data at 370�C and the kinetics
equation can be adopted to treat the experimental data.27

1� ð1� f Þ1=3 ¼ k1t (15)

1� 3ð1� f Þ2=3 þ 2ð1� f Þ ¼ k2t (16)

where k1, k2 are the slopes of the fitted lines.
Conversion ratios for the first stage of the decomposition

with different temperatures are fitted and calculated with Eq.
16 (Figure 11). The data are shown in Table 3. To calculate
the mass diffusion coefficient, Eqs. 13, 16 were compared to
obtain the following equation:

De ¼ 4qR2
0

6MC0

k2 (17)

Figure 12 shows the temperature dependence of mass dif-
fusion coefficient of the cluster from KOH and oxygen. The
magnitude of rather small compared with the mass transfer
coefficient through the liquid boundary layer. Therefore,
mass diffusion in the residue layer is the determined step of
the reaction. During the reaction, the mass diffusion of the
cluster influences the decomposition of chromite particle and
any method can improve inner mass diffusion in the residue
layer can enhance the reaction, e.g., increase of temperature
and decrease of particle size.

Then, the specific apparent activation energy of the main
reactions is calculated and an Arrhenius plot of the natural
logarithm of reaction rate (ln k2) against the reciprocal of

absolute temperature (1/T) is made (Figure 13) based on
Arrhenius equation (Eq. 18).

ln k2 ¼ lnA� E

R
� 1

T
(18)

Because of Eq. 18 and the slop of the fitted line in Figure
11, the specific apparent activation energy E ¼ 6691 � R ¼
55.63 kJ/mol. When compared with the Figure 12, it sug-
gests the decomposition can be coordinately controlled by
mass diffusion in the product (residue) layer and interface
reaction.

To lower the recycling amount of potassium and ensure
high-chromite ore utilization efficiency, the system should be
carefully retained, i.e., the water content to ensure lower vis-
cosity. For scaling up, following macrokinetics equation can
be applied (Eq. 19).

Figure 11. Plot of kinetics under various temperatures.

Table 3. Reaction Rate Constant and Mass Diffusion
Coefficient at Different Temperatures

T/�C T/K 1000/T/K�1 k2 ln k2 De, 10
�14 m2/s

370 643 1.554847 0.00561 �5.1832 6.5241
350 623 1.60475 0.00498 �5.30233 5.7914
330 603 1.657962 0.00341 �5.68104 3.9656
300 573 1.744744 0.00174 �6.35387 2.0235
280 553 1.807828 0.00112 �6.79443 1.3025

Figure 12. Temperature dependence of mass diffusion
coefficient of the cluster from KOH and
oxygen.

Figure 13. Natural logarithm of reaction rate constant
versus reciprocal temperature.
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1� 3ð1� f Þ2=3 þ 2ð1� f Þ ¼ 2:081� 102 � e�
55630
RT t (19)

Behavior of potassium nitrate

As mentioned in previous part, with the addition of potas-
sium nitrate, the system of KOH-KNO3-H2O is made which
has lower melting point than KOH-H2O system. KNO3 plays
important role in ensuring high-chromium conversion ratio
when lower KOH amount is used. To enclose the mecha-
nisms of chromite ore decomposition in the system, the reac-
tion behavior of potassium nitrate was investigated.

Under the conditions of temperature 350�C, stirring speed
700 rpm, KOH-to-chromite ore ratio 2:1, KNO3-to-chromite
ore ratio 0.8:1, such issue as KNO2 (product of potassium
nitrate decomposition16) content in the system was detected
with high purity Ar gas and gas of oxygen partial pressure
50% (gas flow 1 L/min). As shown in Figure 14, KNO2 con-
tent in the system keeps increasing with reaction time when
high purity Ar gas is applied as a protecting atmosphere.
However, KNO2 appears only in the first reaction period
with lower content and keeps nearly zero under the atmos-
phere with oxygen partial pressure of 50%. This indicates

that KNO3 is decomposing during the reaction between chro-
mite ore and the system and oxygen is dissolving into KOH-
KNO3-H2O melt first before making an equilibrium. In addi-
tion, NOx content of the venting gas was examined with a
nitrogen-oxygen analyzer (Figure 14). The NOx content in
venting gas is\15 ppm and becomes nearly zero in the later
reaction stage.

Combining the results in Figure 14 and previous analysis,
the reaction behavior of potassium nitrate can be concluded
as Reactions 20 and 21 and shown in Figure 15. At the first
period, potassium nitrate reacts with chromite ore and KNO2

is generated. In the presence of oxygen, Reaction 21 carries
out and KNO2 is oxidized into potassium nitrate.

During the process, KNO3 can be considered as an inor-
ganic catalyst to enhance the decomposition of chromite ore.
However, the role and detailed mechanisms of potassium ni-
trate need to be further investigated.

Cr2O3 � FeOþ 4KOHþ 7

2
KNO3 ! 7

2
KNO2

þ 2K2CrO4 þ 1

2
Fe2O3 þ 2H2O ð20Þ

KNO2 þ 1

2
O2 ! KNO3 (21)

Figure 14. Molar ratio of KNO2 to KNO3 of original value versus reaction time.

Figure 15. Reaction mechanisms of potassium nitrate
in KOH-KNO3-H2O system.

Figure 16. Plot of reactions between O2�
2 and the

surface of chromite.
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Micromechanisms of chromite ore decomposing in
KOH-KNO3-H2O system

Chromite ore is a spinel structure with O2� frame of
cubic-closed-packed (CCP) where Fe2þ occupies tetrahedral
positions and Cr3þ octahedral positions. In the system of
KOH-KNO3-H2O, the surface of chromite ore is first
destroyed and reactants from the melt diffuse into the react-
ing interface. In addition, at temperatures of around 300�C,
the diffusion of Cr3þ and Fe2þ from spinel lattice is very
weak and can be neglected.26

In KOH solution of high concentration or KOH melt, an
acid–base equilibrium exists and is shown in Eq. 22.30

2OH� ! H2Oþ O2� (22)

During decomposition of chromite ore in soda ash roasting
process, oxygen and Fe2þ on the surface reacts and new O2�

sublattice generates along the vacancies of cations (Reac-
tions 23–24). This indicates the oxidation of chromite ore
has inevitably relationship with O2�. Besides, Fe2þ on chro-
mite ore surface can contact with oxygen directly in roasting
process. However, in KOH-KNO3-H2O system where liquid
is the main phase, the decomposition of chromite ore is a
typical solid–liquid–gas three-phase process and the dissolu-
tion of oxygen needs existing via O2�.

1

2
O2 �!T O2�

o þ 2h� (23)

2Fe2þ �!T 2Fe3þ þ 2e0 (24)

where O2�
2 is oxygen anion in chromite ore lattice.

The dissolution of oxygen into KOH-KNO3-H2O system
via Reaction 5 can be explained as Eq. 25 and forming a
estimated cluster O2�

2 . It may be a reason of the experimen-
tal evidence from Ref. 21, which indicates strong decompo-
sition characters of KOH-H2O system when combining with
oxygen. Reaction 25 also shows an increase of oxygen disso-
lution can enhance the decomposition rate of chromite ore.

1

2
O2 þ O2� ! O2�

2 (25)

In the process of chromite ore decomposition, O2� around
chromite ore particle attacks its surface by Reaction 26
which increases aberration and makes it easier for spinel
structure destruction. After the dissolution of oxygen, O2�

2

oxidizes cations along the aberration and a solid product
layer forms.

O2� ! O2�
o (26)

Therefore, the decomposition can be concluded by Figure
16 where KOH-KNO3-H2O system performs as a transporta-
tion media of oxygen as well as a reactant.

Development of a new chromate production process

Based on previous theoretical and experimental results, a
new process for chromate production from chromite ore by
using KOH-KNO3-H2O system can be proposed with an
optimization of the process proposed in Ref. 21. The new
process is schematically plotted in Figure 17.

After separation, crude potassium chromate and ferro-rich
residue are obtained under similar separation conditions in
Ref. 20. The mother liquor containing KOH and KNO3 are
recycled into the next matter cycle. The composition and
scanning electron microscope image of the crude potassium
chromate crystal (reaction conditions are temperature 350�C,
stirring speed 700 rpm, KOH-to-chromite ore ratio 2:1,
KNO3-to-chromite ore ratio 0.8:1, gas flow 1 L/min, and
oxygen partial pressure 50%) are shown in Table 4 and
Figure 18, respectively. It shows only very few KNO3 exist-
ing in the final product which crystallizes well with size of
around 100 lm.

Conclusions

A new chromate production process is proposed and
proved feasible in the work with a new reaction system of
KOH-KNO3-H2O.
• Different parameters such as KOH-to-chromite ore ratio,

KOH-to-chromite ore ratio, temperature, oxygen partial pres-
sure, stirring speed, and gas flow influence the decomposi-
tion and chromium conversion ratio of chromite ore. Among
them, KOH-to-chromite ore ratio, temperature and oxygen
partial pressure are the most important determining reaction
rate in the first decomposition period and influencing mass

Table 4. Composition of the Crude Potassium Chromate Crystal

Contents K2CrO4 Fe2O3 MgO MnO2 Al2O3 SiO2 CaO TiO2 KOH KNO3

wt % 94.31 0.49 0.12 0.18 0.27 0.27 0.19 0.049 3.01 0.13

Figure 17. Principle flow sheet of chromate production
with KOH-KNO3 binary submolten salts.
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transportation in the later period. Under conditions of tem-
perature 350�C, KOH-to-chromite ore ratio 2:1, stirring
speed 700 rpm, KNO3-to-chromite ore ratio 0.8:1, oxygen
partial pressure 50%, and gas flow 1 L/min, [98% of chro-
mium conversion ratio can be obtained with reaction time
around 300 min.
• The decomposition of chromite ore particles in KOH-

KNO3-H2O system is a typical process of solid–liquid reac-
tion with a decreasing of reaction surface area and thicken-
ing of product layer of solid. Two obvious stages can be
observed from the experimental results: a faster reacting
stage and a diffusion dominating stage. In the later stage, the
solid product layer inhibits the diffusion of KOH and oxygen
and a flat stage appears. From macrokinetics investigation, a
shrinking unreacted core model can be used to describe the
decomposition process, which is coordinately controlled by
mass diffusion in the product layer and interface reaction.
Apparent activation energy of chromite ore decomposition in
the temperature range from 280 to 370�C is 55.63 kJ/mol.
• Potassium nitrate plays a role of catalyst in the oxida-

tion decomposition reaction of chromite ore and potassium
hydroxide. The content of KNO2 increases with the increase
of reaction time under inert atmosphere. However, only in
the first period of reaction is KNO2 detected when 50% oxy-
gen partial pressure is applied.
• During reaction, oxygen needs to dissolve into the

KOH-KNO3-H2O melt system first and some cluster with
oxidizing characters, e.g. O2�

2 , is formed. The binary sub-
molten salt system can be considered as a media of oxygen
transportation and reactant donator.
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