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Abstract
The formation of sodium chromate from a mixture of high-silica chromite ore concentrate (48.8%),

soda ash and hydrated lime was investigated. Hydrated lime was added to an optimal mixture of Cr2O3:Na2CO3

(mole ratio 1:2.5) (mole ratio of CaO 0-3) and the materials were roasted at 1000°C for 60 min and PO2 0.21
atm. Results revealed a significant decrease in sodium chromate yield (from 42% to 25%) as the (CaO/
Cr2O3) mole ratio increased from 0-0.5. Increasing the (CaO/Cr2O3) mole ratio above 1.0, an optimal chro-
mate yield of 70% was achieved at the mole ratio of 2.5. In addition, roasting of optimal mixtures of soda
ash, chromite ore and hydrated lime (CaO) (mole ratio 2.5:1:2.5) within the temperature range of (900-
1000°C) provided a maximum chromate yield of 92% at 1000°C after 2 hours. Overall, the data revealed
that while the hydrated lime addition significantly increased the reaction product yield, it also increased the
process energy of activation from 112 kJ/mole for the Na2CO3:Cr2O3 (mole ratio 2.5:1) mixture to 171.6 kJ/
mole during roasting time (40-100 minutes).

Introduction

The economics of chromite ore recovery depends
upon the occurrence of the mineral and its chemical
composition [1]. In Egypt, sufficient reserves of
chromite ore are present at El-Baramiya region in
the Eastern Desert [2]. Nevertheless, this ore requires
more dressing to increase Cr percentage for large-
scale production of chrome chemicals – such as so-
dium chromate and chromium metal – the essential
materials for local industries. However, in order to
promote the production of these chemicals within
Egypt, local options must be examined so as not to
increase the economic burden incurred by the im-
porting of these chemicals.

Technically, for the production of chromate salts,
a mixture of dried, crushed and ground chromite ore
with soda ash (as a source of sodium carbonate) is

charged for roasting within a rotary kiln furnace [3,4].
In order to obtain an optimal yield, an oxidizing at-
mosphere is maintained during this process and the
temperature in the firing zone is controlled between
1100-1150°C.

Generally, the rate of the chromate formation re-
action was reported to be influenced by a number of
variables, namely: the reaction temperature, the par-
tial pressure of gas, size of materials and the compo-
sition of the reaction mixture [5-13]. Higher chromate
yields were obtained after roasting the ore within the
temperature range of 750-1200°C [6,7,9,13-15]. As
well, it was reported that the yield of sodium chro-
mate obtained was dependent upon the partial pres-
sure of oxygen maintained during roasting [8].
Concerning the materials size, previous studies have
shown that maintaining the particle size less than
0.074 mm increased the rate of ore oxidation [3].
Moreover, it was reported that the agglomeration of
the feed mix and the use of palletized raw materials
[7] or briquettes [13] controlled losses during the
roasting procedure as well as provided for higher
chromate salt yields.
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Regarding the composition of the roasted mixture,
earlier work indicated that roasting of mixtures of
chromite ore with soda ash and lime, calcium oxide
and/or dolomite increased the rate of chromate for-
mation [13]. El-Tawil et al. [7] found that adding CaO
accelerated the rate of ore roasting in the presence of
soda ash. As well, the data revealed that the energy
of activation for the reaction was reduced to 201 kJ/
mole and it was concluded that the rate-controlling
step was a solid diffusion mechanism. From another
perspective, Ozer et al. [16] showed that the kinetics
of the chromite conversion into sodium chromate in
the presence of soda ash and limestone at 750-900°C
and at 8% O2 was 2-nd order with respect to Cr2O3

and the reaction had energy of activation of 157 kJ/
mole. More recently, Shalabi et al. [13] reported that
the rate controlling was solid-solid mechanism at the
end of reaction when dolomite was added to a mix-
ture of chromate ore concentrate and soda ash.

However, while production of chromate salts is
not undertaken in Egypt on an industrial scale, this
study aimed to examine the reaction of the forma-
tion of sodium chromate using local ore concentrated,
soda ash and available raw materials. In this context,
the kinetics of the reaction of formation of sodium
chromate from an optimal mixture of Cr2O3 ore con-
centrate and Na2CO3 (1:2.5 mole ratio) [12,13] by
the addition of hydrated lime (based on CaO con-
tent) as a catalyst. The study was conducted in a tube

furnace at PO2 0.21 atm (open air system) to attest the
influence of temperature and change in CaO/Cr2O3

mole ratio within the reaction mixture.

Experimental

Materials

Representative samples of El-Baramiya region
chromite concentrate for these investigations were
provided by the Beneficiation Unit of the CMRDI.
Soda ash (90% Na2CO3) was obtained from Misr
Chemical Co. (El-Max, Alexandria) and hydrated
lime from the Egyptian Iron and Steel Co. in Helwan.
Table 1 illustrates that the chromite ore concentrate
used had a Cr2O3 of 48.8% as well as oxides of Mg,
Al and Fe. Hydrated Lime material contained mainly
63.15% CaO and 0.5% MgO with over 34% of igni-
tion loses. Table 2 revealed that the raw materials
used (chromite ore concentrate, lime and soda ash)
had a particle size over 0.074 mm and, thus, were
ground in the mill until ∼100% of the material passed
through the 0.074 mm screen.

Briquetting/Roasting Procedures

The materials were mixed thoroughly together
then charged to a special mold (3 cm long and 1 cm
inner diameter) and shaped using a manual hydrau-

Table 2
Particle size distribution for raw materials used

Table 1
Chemical analysis of chromite ore concentrates and hydrated lime (wt.%)

L.O.I: Ignition Loses

Particle siz ,e mm Chromi eroet oc n ec tn etar So hsaad Lime

613.0+ 10.5 4 6

6130-2.0+ 15.02 5 22

2.0-1.0+ 1.63 92 83

1.0-470.0+ 5.81 01 02

470.0- 88.91 25 41

Raw m eta rials OeF rC 2O3 SiO2 C Oa Al2O3 MgO Na2 K+O 2 lC+O .I.O.L
Chromi eroet

oc n ec tn etar 2.01 8.84 5.6 2.1 2.51 8.61 − 56.0

ardyH t de lime − − 08.0 51.36 − 5.0 − 7.43
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lic pressing machine. The study was conducted in a
vertical tube open (open air system) to allow for the
introduction of air into the furnace during roasting
(from up downwards) and maintaining the reaction
PO2 at 0.21 atm accordingly. The roasting reactor used
consisted of a heavy-duty temperature controlled tube
furnace inside which a nickel-chrome wire basket of
a diameter 5 cm hung vertically on a balance. A Ni-
Ni/Cr thermocouple was set in the middle of the tube
furnace and the temperature inside the furnace was
held constant at 900-1000°C (±1°C) using a voltage
regulator. A typical roasting procedure conducted was
as follows:

• The system was checked for operation efficiency
and corrective measures, if required, were taken
accordingly;

• The required weight of agglomerated materials
was charged into the basket and then into the re-
actor assembly when the furnace temperature
reached the experimental predestined value (900,
925°C, etc.);

• After a predetermined period, roasting was stopp-
ed, the basket with the roasted products was re-
moved, and briquettes were cooled in a desiccator;

• Chemical analysis of the samples was conducted
after each individual run was performed [12].

Chemical determination of sodium chromate [12]

Procedure

1 g of the roasted briquette or pellet (green color)
was dissolved in 400 ml distilled water and the solu-
tion was heated at 95-98°C and stirred for 15 min.
After filtration, 25 ml of the filtrate (yellow color)
was drawn out into a 500-ml conical flask and acidi-
fied with 10-15 ml 2N H2SO4. From a burette, 40-50
ml of 0.02 N solution of Mohr's salt was precisely
delivered into the flask. The solution was diluted with
100 ml distilled water and the excess Mohr's salt was
back-titrated with standard permanganate solution to
a grayish color (combination of the green color of
Cr3+ with the pink color of MnO4

– ions). After the end –
point was reached, 1-2 extra drops of permanganate
were added to ensure a distinct pink color was obtain-
ed, indication of over-titration. The procedure was
repeated three or more times and an average was cal-
culated. For the blank, 25 ml the Mohr's salt solution
was titrated in presence of 10-15 ml of sulfuric acid.

The percentage of sodium chromate obtained was
calculated according to the following equation [7]:

Chromate recovery (expressed as chromic
oxide) = (Chromic oxide as sodium chromate/

chromic oxide in the sample)×100%

Results and Discussion

The Effect of Hydrated Lime Addition on the
Chromic Oxide Recovery

El-Dars et al. [12] indicated that an optimum amo-
unt of Cr2O3 recovery for the same ore concentrate
was obtained with a Cr2O3:Na2CO3 mole ratio = 1:2.5
roasted at ∼1000°C and for 40 min. During this work,
the CaO mole ratio of hydrated lime was varied from
0-3.0 relative to the mixture Cr2O3 mole ratio = 1.
Briquetting conditions (briquette pressure ∼75 kg/cm2

and briquette height 1.5 cm) were maintained. Fig-
ure 1 shows that the Cr2O3 recovery in solution de-
creased to a minimum of 24.9% at CaO/Cr2O3 mole
ratio = 0.5:1, while it reached a maximum of 70% at
2.5:1 mole ratio. The former result may be attributed
to the dissociation of lime hydroxide Ca(OH)2 to CaO
leading to an increase in the briquette porosity and,
subsequently, decreasing the contact between mix-
ture particles. The increased chromate yield at CaO/
Cr2O3 mole ratio = 2.5:1 may be attributed to the re-
action between calcium oxide after dissociation with
SiO2, Fe2O3 and Al2O3 to form calcium silicate, cal-
cium ferrite, and calcium magnesium aluminate and,
thus, increasing the free sodium carbonate reacting
within the mixture. Above this mole ratio, the increase
in hydrated lime leads to an increase in melt forma-
tion and subsequently, a decrease in the briquette
porosity leading to a decrease in Cr2O3 % recovery.

Fig. 1. The effect of varying lime mole ratio on chromate
recovery % (as chromic oxide).
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Kinetics of the Formation of Sodium Chromate
in the Presence of Hydrated Lime

The kinetics of roasting of a briquette composed
of a mixture of chromite ore concentrate; soda ash
and CaO (mole ratio 1:2.5:2.5) were studied within
the temperature range of 900-1000°C (Fig. 2). Figu-
re 2 shows that as the temperature and time increased,
the chromic recovery (R%) increased providing a
maximum of 91.8% at 1000°C and after 120 min.

and lime in air (PO2 = 0.21 atm) at 60% chromate
recovery (expressed as chromic oxide) was a solid
diffusion mechanism with Ea = 106 kJ/mole [11].

Fig. 2. The effect of varying the roasting time and tem-
perature on sodium chromate recovery from briquettes of
chromite ore concentrate, soda ash and lime (1:2.5:2.5).
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To determine the rate controlling step or mecha-
nism for these isotherms, different models were tried
and the following model was found to be the most
acceptable [17]:

k2t = [1 – (1 – R)1/3]2 = f (R)
where R is the decimal fraction of chromic oxide re-
covery, t is the time of reaction (min), k is the rate
constant (min–1).

The plot between [1 – (1 – R)1/3]2 and lnt is illust-
rated in Fig. 3 indicated a linear relationship. To deter-
mine the energy of activation, the Arrhenius equation
for lnk where plotted versus the inverse of the reac-
tion temperature (Fig. 4). From this figure, the acti-
vation energy was found to be around 171.635 kJ/
mole that corresponds to a solid diffusion controlled
mechanism [9]. Ansari et al. [18] concluded that if
the energy increased to between 121-158 kJ/mole,
the reaction mechanism was solid-state diffusion
controlled. As well, El-Tawil et al. [7] found that the
chromite ore and sodium carbonate reaction with CaO
had an Ea reduction from 261 to 201 kJ/mole (re-
flecting a solid diffusion control mechanism). Also,
roasting of chromite ore concentrate with soda ash

(1)

Fig. 4. Arrhenius plot for lnk versus 1/T (K–1) for the final
reaction period at different temperatures (20-120 min).

Fig. 3. Plot of (1 – (1 – R)1/3)2 and time for the final reac-
tion period (20-120 min) at different temperatures.

0

0.1

0.2

0.3

0.4

0 20 40 60 80 100 120
Time, min

(1
- (

1 
- R

)1/
3 )2

For 900 C.
For 925 C.
For 950 C.
For 975 C.
For 1000 C.

Factors Affecting the Extraction of Sodium
Chromate in Distilled Water

Briquettes of the reaction mixture of chromite ore
concentrate, soda ash and CaO (1:2.5:2.5) roasted at
1000°C for 2 hrs were subjected to a set of experi-
mental investigations to determine the optimum so-
dium chromate extraction conditions in solution.
Factors studied were: stirring time in solution, solu-
tion temperature and solid-liquid ratio.
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The Effect of Solution Stirring Time

1 g of the roasted mixture was dissolved in dis-
tilled water where an optimal solid/liquid ratio =
1:400 and water temperature of 100°C were main-
tained and the stirring time was varied from 5 to 15
min. Figure 5 shows that the recovery increased with
the increase in stirring time, which may be attributed
to fact that increasing the stirring time increased the
chance of complete liberation of sodium chromate
and, subsequently, enhanced its dissolution efficiency
[12,13]. The optimum stirring time that gave approxi-
mately 91.8% chromic oxide recovery was 12 min.

increased (Fig. 7), reflecting the increased dissolu-
tion of sodium chromate molecules in water.

Fig. 5.  The effect of varying the stirring time on chro-
mate recovery % in solution.

The Effect of Solution Temperature

The effect of varying the extraction solution tem-
perature from 40°C to 100°C was investigated at the
optimum conditions (solid/liquid ratio = 1:400) and
12 min stirring time. The results indicated that as the
temperature of the water increased the chromic oxi-
de recovery % increased (Fig. 6), which may be attri-
buted to the increase in chromate dissolution [12,13].

The Effect of Varying the Liquid/Solid Ratio

The effect of varying the liquid/solid ratio upon
the chromic oxide recovery was investigated at the
optimum conditions 100°C water temperature and 12
min stirring time. The results indicated that as the
liquid/solid ratio increased the dissolution efficiency

Fig. 6. The effect of varying solution temperature on chro-
mate recovery %.

Fig. 7. The effect of varying the liquid/solid ratio on chro-
mate recovery % in solution.
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X-ray Diffraction of the Reaction Products of
Chromite Ore Concentrate, Soda Ash and Lime

X-ray diffraction of the final product of roasting
chromite ore concentrate, soda ash and lime (CaO)
(mole ratio= 1:2.5:2.5) at 1000°C for 2 hrs is illus-
trated in Fig. 8.

From this diagram, it was clear that the major
compounds formed during roasting were Na2CrO4

and Na2CrO4⋅4H2O. Other compounds detected were
CaCrO4, β-Ca2SiO4, Ca3Al2O6, Ca3Al10O18 and CaO⋅
Fe2O3. Essentially, 42 reactions may take place dur-
ing the roasting process of chromite concentrate and
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sodium carbonate [19]. In the case a mixture of chro-
mate concentrate roasted with sodium carbonate and
lime was used, this extends to an overall 61 reac-
tions [7,20]. From these reactions, Na2CrO4 is formed
because of the reaction of FeCr2O4 and MgCr2O4 with
Na2CO3, NaAlO2, NaFeO2, and Na2SiO3. This inter-
mediate chromium in the presence of oxygen and
excess of reacting compounds leads to the formation
of Na2CrO4 and other compounds identified by the
X-ray diffractogram. Reactions that may be involved
in the above product formations are:

a) CaO⋅Fe2O3:

Fe2O3 + Na2CO3 = 2 NaFeO2 + CO2

2NaFeO2 + CaO (hydrated lime) =
= Na2O + CaO⋅Fe2O3

b) β-Ca2SiO4:

SiO2 + Na2CO3 = Na2SiO3 + CO2

2CaO + Na2SiO3 = Na2O + β-Ca2SiO4

c) CaCrO4:

CaCO3 = CaO + CO2

Cr2O3 + 2CaO + 3/2O2 = 2CaCrO4

d) Ca3Al10O18:

Al2O3 + Na2CO3 = 2NaAlO2 + CO2

3CaO + 10NaAlO2 = 5Na2O + Ca3Al10O18

Conclusions

As the CaO in hydrated lime/Cr2O3 mole ratio in-
creased from 0-3, the chromic oxide recovery de-
creased to a minimum at 0.5 (24.5%) and then
increased to a maximum (70%) at 2.5 (CaO/Cr2O3

mole ratio). The results indicated that roasting of an
optimal mixture of chromite ore concentrate, soda

ash and hydrated lime CaO (mole ratio = 1:2.5:2.5)
during the temperature range of 900-1000°C yielded
a 91.8% Cr2O3 recovery. The study data concluded
that kinetics of the formation of sodium chromate
from this optimal mixture was solid diffusion mecha-
nism with the apparent activation energy being 171.63
kJ/mole. As well, it revealed that the optimal and
economic conditions for maximum chromate recove-
ry % (expressed as chromic oxide) from this mixture
in solution were:
a) stirring time = 12 minutes;
b) solid/liquid ratio = 1:400;
c) water extraction temperature = 100°C.
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