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The present study provides an electrochemical process for the recovery of chromium value from the solid
residue of a chromium plant using electrogenerated hypochlorite. The process was studied using an in situ
extraction method. The effect of various parametersssuch as pH, concentration of hypochlorite, particle size
of the solid effluent, pretreatment of sludge, choice of the acid for pH maintenance, and stirringson the
extraction efficiency of chromium was investigated. A significant portion (50%-60%) of the total chromium
content was recovered by performing the reaction under suitable operating conditions with hypochlorite.

Introduction

Chromate and chromium chemicals have extensive applica-
tions in the field of pigment products, the processing of leather
and textiles, the surface treatment of metal, corrosion control,
and the manufacture of other chemical products. Chromate is
manufactured from chromite ore via thermal oxidation of the
chromic oxide in the ore with soda ash and hydrated lime at
1100°C. In a continuously working chromate plant, for every
100 tonnes of ore, 65 tonnes of residue is obtained. The residue
may be either discarded or used in the next stage, depending
on the operating cycle. The production of∼50 000 TPA of
chromium chemicals in India causes exhaustive emissions of
chromium, in the form of solid effluents. Over the years, many
tonnes of this residue have been dumped in and around these
industries, resulting in the leaching of thousands of tonnes of
soluble chromium, which pollutes the soil and thereby con-
taminates the groundwater. The contaminated soil contains
chromium in two valance states: viz., a soluble, toxic Cr(VI)
form and a less-toxic, insoluble Cr(III) form. It has been
established that∼15% of the Cr(III) species in the soil becomes
oxidized to Cr(VI) and contaminates the groundwater. Most of
the industries resort to effluent treatment processes to prevent
pollution. The effluent treatment processes are based on
chemical, biological, and electrochemical systems. It has been
well-established that electrochemistry has much to offer, in
regard to the prevention of pollution and protection of the
environment.1-25 Electrochemical treatment can exist in two
types: (i) the direct oxidation of chromate to chromite and (ii)
the conversion of chromium(III) hydroxide precipitated from
the effluent and sludge by hypochlorite. It has been reported26,27

that the oxidation of Cr(III) to Cr(VI) via the electrolytic method
has been done in the regeneration of spent chromic acid from
organic oxidation reactions. The recovery of Cr(III) from sludge
resulting from municipal and industrial waste has been per-
formed by treating the concentrated chromium(III) oxide/

hydroxide with hypochlorite solution. The treatment of solid
effluent from chromate-producing industries has not been
attempted so far. This paper presents the results of a study on
the recovery of chromium value from the solid residue of a
chromate plant via oxidation with in-situ-electrogenerated
hypochlorite. To optimize the parametric conditions, the effect
of various parameters (such as pH, concentration of hypochlo-
rite, particle size of the solid effluent, pretreatment of sludge,
choice of the acid for pH maintenance, and stirring) on the
extraction efficiency of chromium was investigated.

Materials and Methods

Cell Construction and Electrolysis. The electrolytic cell
(Figure 1) consisted of a 0.50-L Pyrex tall glass vessel that had
been fitted with a poly(vinyl chloride) (PVC) cell cover (with
slots to introduce the electrolyte), a pH sensor, a thermometer,
and electrodes. A noble-metal oxide (RuO2/TiO2/SnO2) coated
titanium plate (surface area of 0.0075 m2, 99.8% purity; Mithani
(I), Ltd., India) acted as the anode with an interelectrode distance
of 0.5 cm. The mixed oxide electrodes were prepared via the
thermal decomposition process, as described in the literature.28

The coating solution for the preparation of the anodes was
prepared from the chlorides of the three metals, viz., RuCl3‚xH2O
(38.4% ruthenium; Johnson Mathey, U.K.), TiCl4 (25.1%
titanium; Riedel de Haan AG, Germany), and SnCl4‚5H2O
(33.9% tin; J.T. Baker Chemical Co., USA). The salts of the
aforementioned three metals were taken in the ratio of 30 RuO2/
50 TiO2/20 SnO2, dissolved in 2-propanol (Johnson Mathey,
U.K.), and then painted over the pretreated titanium mesh (which
was polished, degreased, and etched in a 10% oxalic acid
(Johnson Mathey, U.K.) solution at 363 K for 30 min) to
produce a uniformly spread layer. The paint layer was dried at
353 K in an air oven for 10 min to evaporate the solvent. The
samples were then transferred to a muffle furnace that was
maintained at 673 K for 10 min. During this period, the heating
zone of the furnace was maintained with a good supply of air
from a compressor. The electrode was then removed from the
furnace and cooled. The process of brushing the coating solution,
drying at 353 K, and then heating in the presence of air at
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673 K was repeated 6-8 times. After the final coating, the
electrode was heated at 723 K for 1 h and allowed to cool in
the oven itself over a period of 8 h. The cathodes were perforated
stainless steel (SS 304; SAIL, India) sheets of the same size as
the anode and placed on either side of the central anode at an
interelectrode distance of 0.005 m. The temperature of the electro-
lyte was controlled to the desired value with a variation of 303
( 2 K by adjusting the rate of flow of thermostatically controlled
water through an external glass-cooling spiral. A regulated direct
current was supplied from a rectifier (20 A, 15 V).

A quantity (0.45 L) of 3% sodium chloride (NaCl) was used
as an electrolyte. Laboratory-grade NaCl was used for each
experiment. Ten grams of the sludge was suspended in the
electrolyte during the electrolysis. Current and extraction
efficiencies were calculated as a function of experimental
variations, such as pH, concentration of hypochlorite, particle
size, pretreatment of sludge, stirring, etc. The concentration of
chloride, hypochlorite, and chromate (Cr2O3) were all analyzed
before and after extraction, using standard analytical proce-
dures.29 The composition of the solid effluent is shown in Table
1.

Results and Discussion

Effect of pH on the Extraction Efficiency. The electrolyte
pH is an important variable in the production of hypochlorite.
It is established that increasing the solution pH to 7.5 increases
the current efficiency of hypochlorite. However, the hypochlorite
must oxidize the Cr(III) species, which is present in a hard
ceramic form, and the reaction of hypochlorite is with a solid

material. Therefore, the hypochlorite ion alone is not enough
to break the hard solid. The presence of hypochlorous acid along
with hypochlorite enhances the extraction efficiency, which will
be formed at pH 5-7. Therefore, the greatest extraction was
obtained between pH 5 and pH 7. Extraction efficiency was
low at pH<5 and pH>7. This is due to the nonavailability of
hypochlorite and hypochlorous acid, respectively. This will be
evident from the data in Figure 2.

Effect of Concentration of Hypochlorite on the Extraction
Efficiency. The reaction of hypochlorite with the sludge is
dependent on its concentration. The solid residue does not seem
to react or reacts only slowly with dilute hypochlorite solutions,
even though the pH of the electrolyte is maintained at the
required values. As shown in Figure 3, the use of dilute
hypochlorite gives a lower percentage of extraction and the
hypochlorite consumption is only∼38%. However, with a
hypochlorite concentration of 7-8 g/L, the utilization of
hypochlorite is>65% and also gives a higher percentage of
extraction.

Effect of Particle Size of the Solid Effluent on the
Extraction Efficiency. The results of these studies show a clear
dependence of extraction efficiency on the particle size and are
presented in Table 2. The extraction efficiency of chromium is
maximum (51%) when the particle size is<50 µm. When it is
<150µm, the extraction is reduced to 46%. The same trend is
noticed for the NaOCl utilization efficiency (71%-74%). This
is due to the fact that, as the particle size decreases, the effective

Figure 1. Schematic of the laboratory-scale cell assembly. Legend: 1,
cell; 2, thermostatic water; 3, stainless steel cathode; 4, anode; 5, electrolyte;
6 & 7, holes to introduce pH sensor and thermometer; 8, dc source; 9,
inlet; 10, outlet; and 11, thermostat.

Table 1. Composition of the Solid Effluent

sludge
number constituent

amount
(%)

1 soluble chromium, in the form of Na2CrO4 1.13
2 total chromium, in the form of Cr2O3 13.70
3 free alkali, in the form of Na2CO3 1.7
4 calcium, in the form of CaO 30.75
5 magnesium, in the form of MgO 12.93
6 aluminum, in the form of Al2O3 14.40
7 iron, in the form of FeO 17.86
8 silica, SiO2 5.53

Figure 2. Effect of pH on the extraction efficiency of chromium.
Conditions: electrolyte (NaCl) concentration, 30 g/L; volume, 400 mL;
mass of sludge, 10 g; current density, 10 A/dm2; duration of electrolysis,
30 min.

Figure 3. Effect of concentration of hypochlorite on extraction efficiency.
Conditions: electrolyte (NaCl) concentration, 30 g/L; volume, 400 mL;
pH, 5.0-5.5; mass of sample, 10 g; current density, 10 A/dm2; duration of
electrolysis, 30 min.
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surface area of particles per unit volume increases and the attack
of the hypochlorite on the particle is more efficient.

Effect of Pretreatment of Sludge on the Extraction
Efficiency. For pretreatment of the sludge, powdered solid
residue (100 g) was placed with 0.5 L of water in a 1.0-L beaker.
The contents of the beaker was heated to boiling and maintained
at boiling temperature for∼15 min. After cooling, the contents
were filtered through a Whatman (No. 42) filter paper, the
residue was dried at 383 K for 1 h, and 10 g of sample was
used for an electrochemical extraction. The aforementioned
procedure was followed for NaOH (0.1 M), HNO3 (1.25%),
and H2SO4 (3%).

The effect of pretreatment of the sludge with various reagents
on the extraction efficiency of chromium is presented in Table
3. The table indicates that the efficiency of extraction is greater
with water-treated samples than that for as-received samples.
This may be because the alkali content of the residue decreases
after water washing and helps to maintain the pH in the acidic
region. This will be evident from the higher extraction after
treatment with sulfuric acid. Treatment with nitric acid actually
decreases the efficiency, probably because the presence of the
nitrate ion reduces the hypochlorite formation. Alkaline treat-
ment with NaOH must help to bring some of the constituents
into solution. However, hypochlorite is present totally as ClO-,
the oxidation ability of which is low at pH>7.0. Thus, the
removal of soluble chromate by washing with water before
initiating the extraction leads to a much higher extraction
percentage and helps to maintain a favorable pH during
extraction.

Effect of the Choice of the Acid for pH Maintenance on
the Extraction Efficiency. The oxidation of acid is required
to maintain the favorable pH for the maximum extraction
percentage. To reduce the build up of chloride ions in the
electrolyte and to explore the possibility of enhancing the
reaction efficiency via the addition of other anions, different
acids were used to maintain the pH at the desired pH. The results
in Table 4 indicate that the use of hydrochloric acid (HCl) gives
a lower concentration of untreated hypochlorite and also gives
an appreciable extraction percentage, when compared with the
use of nitric and perchloric acids. However, the use of sulfuric
acid also gives an appreciable extraction percentage; but, the

increase in sulfate concentration will result in oxygen evolution
at the anode, thus reducing the anode life, and the removal of
sodium sulfate also is difficult after extraction. From the point
of view of working out a cyclic process with respect to the
utilization of chloride, it was deemed appropriate to use for pH
maintenance.

Effect of the Ratio of Hypochlorite to Sludge on the
Extraction. The reaction of the solid effluent with the hy-
pochlorite under optimum conditions of pH, concentration of
hypochlorite, etc., is expected to occur as per eq 1:

Because the rate of the reaction is dependent on the mutual
concentration of the reactions, experiments were conducted at
different ratios of hypochlorite to the sludge, keeping the other
parameters constant. The results of the study are shown in Figure
4. The figure shows that the extraction efficiency is at a
maximum when the ratio of Cr(III) to NaOCl is 1:2. When the
sludge concentration is greater, the extraction of the chromium
is low and the unreacted sludge contained more recoverable
Cr(III). If the hypochlorite content is high, the balance of the
hypochlorite after reaction with the sludge gets converted to
chlorate, because of the stirring and pH. It will be concluded
that when the ratio of Cr(III) to NaOCl is 1:2, the extraction
efficiency is at a maximum.

Effect of Stirring on the Extraction Efficiency. The
formation of hypochlorite increases as the rate of hydrolysis
of the chlorine, which is evolved at the anode, increases.
From dilute chloride solutions, its mass transfer from the bulk
to the anodic surface limits the evolution of chlorine and stirring
the electrolyte improves the rate of transfer of chloride to the
anode. This again increases the hydrolysis and formation of
hypochlorite. Moreover, the stirring also improves the rate of

Table 2. Effect of Particle Size of the Solid Effluent on Extraction
Efficiencya

sludge
number

particle
size (µm)

total
Cr2O3 (%)

NaOCl utilization
efficiency (%)

extraction
(%)

1 as received 13.70 60 45
2 <50 12.40 71 51
3 <65 13.90 56 50
4 <150 14.00 47 46

a Conditions: electrolyte (NaCl) concentration, 30 g/L; volume, 430 cm3;
pH, 5.0-5.5; mass of sample, 10 g; current density, 10 A/dm2; duration of
electrolysis, 10 min.

Table 3. Effect of Pretreatments on the Extraction Efficiencya

sludge
number constituent

amount
(%)

1 as received 18.0
2 boiling in water and removing

soluble chromate
32.5

3 heating with 0.1 M NaOH 20.0
4 heating with HNO3 (1.25%) 3.1
5 heat with H2SO4 (3%) 29.0

a Conditions: electrolyte volume, 430 cm3; initial pH, 2.0; final pH, 7.0;
mass of sample, 10 g; current density, 10 A/dm2; duration of electrolysis,
30 min.

Table 4. Effect of the Nature of Acid for Maintaining the pH of the
Electrolytea

sludge
number

acid
used

total Cr2O3

(%)
NaOCl utilization

efficiency (%)
extraction

(%)

1 HCl 1.60 1.56 29
2 HNO3 1.63 2.00 16
3 HClO4 2.00 1.72 18
4 H2SO4 1.56 1.50 33

a Conditions: electrolyte (NaCl) concentration, 30 g/L; volume, 430 cm3;
initial pH, 2.0; final pH, 7.0; mass of sludge, 10 g; current density, 10
A/dm2; duration of electrolysis, 30 min.

Figure 4. Effect of the ratio of hypochlorite to sludge on the extraction.
Conditions: electrolyte (NaCl) concentration, 30 g/L; pH, 5.0-5.5; mass
of sample, 10 g; current density, 10 A/dm2.

3Cr2O3 + 3HOCl + 6NaOCl+ 3H2O f

3Na2Cr2O7 + 9H+ + 9Cl- (1)
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reaction of the suspended sludge particles with the hypochlorite
and the utilization efficiency of the hypochlorite also improves.
The stirring rate was also determined to attain a critical value,
∼0.3 m/S, beyond which there was no improvement in the
extraction. And above this rate of stirring, it was adversely
affected by the reaction, because of the increase in the
concentration of chlorate because of the chemical reaction of
HClO and ClO-. Stirring also helps to maintain the pH of the
electrolyte and a uniform distribution of the acid added to keep
the pH at the desired level.

Effect of Current Concentration on the Extraction Ef-
ficiency. Current concentration is the quantity of electricity
applied per unit volume of the electrolyte, and this parameter
is expressed in terms of amperes per liter (A/L). During
electrolysis, for a fixed quantity of current, the current con-
centration increases as the volume decreases. As the volume
decreases, the effective concentration of hypochlorite per
liter increases, although the total quantity of hypochlorite formed
will be the same, assuming that the current efficiency is con-
stant.

To facilitate the handling of a large volume of electrolyte in
the large scale and expecting an increase in the rate of the
extraction as the effective concentration of the hypochlorite is
increased, experiments were conducted at various current
concentrations. Figure 5 shows that the current efficiency for
the formation of hypochlorite decreases as the current concen-
tration increases. The Cr(III) extraction reaches a maximum at
a current concentration of 10-15 A/L; beyond this range of
values, the extraction decreases. The reason for the decrease in
both with high current concentration can be understood from
the increase in the chlorate concentration from 0.4 g/L to 22.5
g/L. In view of this, the optimum current concentration lies in
the range of 10-15 A/L.

Conclusion

The study on the extraction of Cr(III) from solid effluent from
a chromate plant leads to the following conclusions:

(1) Electrochemical hypochlorite generation at a concentration
of ∼7 g/L in a batch-type cell is obtained at a maximum
efficiency of 45%-55% with a metal-oxide-coated titanium
anode and a stainless steel cathode at a current density of 10-
15 A/dm2 at a sodium chloride (NaCl) concentration of 30-40
g/L in a solution that has been maintained at a temperature of
203 K.

(2) The oxidation and extraction of Cr(III) in the chromate
plant sludge with in-situ-generated hypochlorite are at maximum
efficiency under the following conditions: (i) the particle size
of the sludge must be below a range of 50-150µm; (ii) a ratio
of Cr(III) to NaOCl in the range of 1:1.8 to 1:2 results in better
recovery of the Cr(III) species; (iii) a pH of 2-6 during the
electrolysis gives a high extraction percentage; (iv) a current
concentration of 11-12 A/L is needed for maximum extraction;
and (v) agitation at a rate of 0.3 m/S produces an effective
reaction rate.

Acknowledgment

The authors thank the Director of the CECRI for his kind
permission to publish this paper. They also wish to express their
thanks to Tamilnadu Chromates, Chennai for providing the
sludge samples and wish to thank Ministry of Environment and
Forests, New Delhi for their financial support.

Literature Cited

(1) Pletcher, D.; Walsh, F. C.Industrial Chemistry; Chapman and
Hall: London, 1990; pp 276-280.

(2) Pletcher, D.; Weinberg, N. L. The Green Potential of Electrochem-
istry. Chem. Eng.1992, 99, 132.

(3) Walsh, F. C.; Mills, G. Electrochemical Technique for a Cleaner
Environment.Chem. Ind.1993, 12, 576.

(4) Rajeshwar, K.; Ibanez, J. G.; Swain, G. M. Electrochemistry and
the Environment.J. Appl. Electrochem.1994, 24, 1077-1091.

(5) Kraft, A.; Stadelmann, M.; Wu¨nsche, M.; Blaschke, M. Electro-
chemical ozone production using diamond anodes and a solid polymer
electrolyte.Electrochem. Commun.2006, 8, 883-886.

(6) Kaba, L.; Hitchens, G. D. Electrochemical treatment of wastes. In
Electrochemistry in Transition; Murphy, O. J., Srinivasan, S., Conway, B.
E., Eds.; Plenum Press: New York, 1992; pp 397-410.

(7) Juttner, K.; Galla, U.; Schmieder, H. Electrochemical approaches
to environmental problems in the process industry.Electrochim. Acta2000,
45, 2575-2594.

(8) Rajeshwar, K.; Ibanez, J.EnVironmental Electrochemistry, Funda-
mentals and Applications in Pollution Abatement; Academic Press: New
York, 1997.

(9) Janssen, L. J. J.; Koene, L. The role of electrochemistry and
electrochemical technology in environmental protection.Chem. Eng. J. 2002,
85, 137-146.

(10) Kerwick, M. I.; Reddy, S. M.; Chamberlain, A. H. L.; Holt, D. M.
Electrochemical disinfection, an environmentally acceptable method of
drinking water disinfection?Electrochim. Acta2005, 50, 5270-5277.

(11) Vazquez-Gomez, L.; Ferro, S.; De Battisti, A. Preparation and
characterization of RuO2-IrO2-SnO2 ternary mixtures for advanced
electrochemical technology.Appl. Catal., B2006, 67, 34-40.

(12) Jiang, J.-Q.; Wang, S.; Panagoulopoulos, A. The exploration of
potassium ferrate(VI) as a disinfectant/coagulant in water and wastewater
treatment.Chemosphere2006, 63, 212-219.

(13) Dimoglo, A.; Akbulut, H. Y.; Cihan, F.; Karpuzcu, M. Petrochemi-
cal wastewater treatment by means of clean electrochemical technologies.
Clean Technol. EnViron. Policy 2004, 6, 288-295.

(14) Shen, Z. M.; Wu, D.; Yang, J.; Yuan, T.; Wang, W. H.; Jia, J. P.
Methods to improve electrochemical treatment effect of dye wastewater.J.
Hazard. Mater. B2006, B131, 90-97.

(15) Li, C.; Lia, X. Z.; Graham, N. A study of the preparation and
reactivity of potassium ferrate.Chemosphere2005, 61, 537-543.

(16) Panizza, M.; Cerisola, G. Application of diamond electrodes to
electrochemical processes.Electrochim. Acta2005, 51, 191-199.

(17) Zhang, Y.; Yoshihara, S.; Shirakashi, T. Novel application of boron-
doped diamond and related material to electrochemical generation of
functional water.Electrochim. Acta2005, 51, 1008-1011.

(18) Gao, P.; Chen, X.; Shen, F.; Chen, G. Removal of chromium(VI)
from wastewater by combined electrocoagulation-electroflotation without
a filter. Sep. Purif. Technol.2005, 43, 117-123.

(19) Zaroual, Z.; Azzi, M.; Saib, N.; Chainet, E. Contribution to the
study of electro-coagulation mechanism in basic textile effluent.J. Hazard.
Mater. B2006, B131, 73-78.

(20) Yang, C.-L.; McGarrahan, J. Electrochemical coagulation for textile
effluent decolorization.J. Hazard. Mater. B2005, B127, 40-47.

Figure 5. Effect of current concentration on extraction efficiency.
Conditions: electrolyte (NaCl) concentration, 30 g/L; pH, 5.0-5.5; mass
of sample, 10 g; current density, 10 A/dm2.

7746 Ind. Eng. Chem. Res., Vol. 45, No. 23, 2006



(21) Barrera-Dı´az, C.; Roa-Morales, G.; Avila-Co´rdoba, L.; Pavo´n-Silva,
T.; Bilyeu, B. Electrochemical Treatment Applied to Food-Processing
Industrial Wastewater.Ind. Eng. Chem. Res.2006, 45, 34-38.

(22) Licht, S.; Yu, X. Electrochemical Alkaline Fe(VI) Water Purification
and Remediation.EnViron. Sci. Technol. 2005, 39, 8071-8076.

(23) Vaghela, S. S.; Jethva, A. D.; Mehta, B. B.; Dave, S. P.; Adimurthy,
S.; Ramachandriah, G. Laboratory Studies of Electrochemical Treatment
of Industrial Azo Dye Effluent.EnViron. Sci. Technol. 2005, 39, 2848-
2855.

(24) Shen, Z.; Yang, J.; Hu, X.; Lei, Y.; Ji, X.; Jia, J.; Wang, W. Dual
Electrodes Oxidation of Dye Wastewater with Gas Diffusion Cathode.
EnViron. Sci. Technol.2005, 39, 1819-1826.
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