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Hexavalent chromium removal by ferrochromium slag
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Abstract

The aim of this study is to demonstrate the potential of Cr(VI) generation during jigging operation applied for ferrochrome recovery from
slag. The Cr(VI) concentrations of water contacted with ferrochromium slag (W/FS = 10) in a closed cycle after 50 batches were found as
0.61 mg/l. Also, reduction of Cr(VI) to Cr(III) and a subsequent precipitation of Cr(III) by using ferrochrome slag (FS) in a model solution has
been aimed. The effects of amount of acid, contact time, FS dosage, initial Cr(VI) concentration and temperature on the Cr(VI) reduction have
been studied through the batch runs. The amount of acid has been found to be the most effective parameter affecting the Cr(VI) reduction. A
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0 g/l FS dosage and 3.5 ml/l H2SO4 (5 M) are sufficient to reduce all Cr(VI) in the model solution containing 10 mg/l Cr(VI) and for co
ime of 60 min at 25◦C. In reduced solutions, precipitation of metal ions has been studied by using extra FS. A 60 g/l dosage of fres
recipitate all Cr(III) and Fe ions in the reduced solution. Thus, it has been demonstrated that the treatment of jigging water st
enerated in a ferrochrome plant containing Cr(VI) can be accomplished by using ferrochromium slag and sulphuric acid. Also, i
etermined that solid residues of the process are environmentally stable by applying TCLP test.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Ferrochromium is a master alloy of iron and chromium,
ontaining 45–80% Cr and various amounts of Fe, C and other
lements. Ferrochromium is produced pyrometallurgically
y carbothermic reduction of chromite ore (FeO·Cr2O3).
he main slag additives used are quartzite and aluminium
xide containing materials to compensate for the high mag-
esium content in certain ores, and magnesium and calcium
xide containing materials for aluminium rich ores. The fer-
ochromium slags consist mainly of SiO2, Al2O3 and MgO in
ifferent phases such as spinel, MgO·Al2O3, and forsterite,
gO·SiO2, but also smaller amounts of CaO, chromium and

ron oxides and metal fragments. The chromium content in
lags is 2–12%, in oxide and metal form. The slag/metal
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amount ratio in smelting varies from 1.0 to 1.8, depen
on raw materials[1].

Slag is discarded as a waste material in enormous qu
ties during the ferrochrome production. A relatively sm
percentage of this material finds application, but the
majority of material generated each year is held in du
and as land disposing costs increase, new disposal o
are needed. As an alternative to land disposal, consid
chemically inert and safe, slag has been used as constr
materials and aggregate due to its excellent technical ma
properties[2–4].

Alternatively, reclaiming ferrochromium metal entrapp
in slag seems to be economic. In order to recover m
slag has been crushed and subjected to wet magnet
gravimetric methods[1,5]. All of these might be good idea
however, slags can contain high levels of extractable toxic
ments which could pose environmental problem. In a s
dealing with the process water of metal recovery from s
it has been reported that Cr has been detected as chrom
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the processing water, which may create chromium pollution
[6]. In another study, it has been reported that milling prac-
tice of ferrochromium slag could alter the oxidation state of
chromium and cause the threat of Cr(VI) releasing[7]. On
the other hand, it has been indicated that other solid wastes
such as bag filter dust or its sludge produced during the
ferrochromium production contain high levels of soluble hex-
avalent chromium[8–11]. Since these materials are consid-
ered as hazardous pollutants, their fixation and stabilization
characteristics have also been studied[12–15]. The produc-
tion of ferrochromium and stainless steel has been mentioned
among the greatest contributors to atmospheric emission of
chromium[16]. These facts show that ferrochromium pro-
duction is a source of Cr(VI) pollution which can threat the
environment.

Chromium contamination of soil and water is a sig-
nificant problem since hexavalent form of chromium is
highly toxic, mutagenic and potentially carcinogenic to liv-
ing organisms[17,18]. The most stable oxidation states of
chromium are Cr(III) and Cr(VI) in aqueous systems. The
trivalent chromium is quite immobile in the water environ-
ment because of limited solubility of its hydroxide, which is
readily formed in the pH range of natural waters. Because
of the benign character of Cr(III), detoxification and immo-
bilisation processes of Cr(VI) is based on its reduction to
Cr(III). Conventionally, the reduction of Cr(VI) is performed
b the
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2. Materials and methods

2.1. Material

2.1.1. Ferrochromium slag
Ferrochrome slag (FS) samples were provided from Elazığ

Ferrochrome Plant of Etiholding (Turkey). FS was crushed
to <1.2 mm (16 mesh). A portion of crushed FS sample was
grinded and screened from a 200 mesh (75�m) screen. Both
FS samples (<16 and <200 mesh) were used for obtaining
model outlet water of jigging. Less than 75�m fraction (<200
mesh) of FS was used for Cr(VI) reduction study. The XRF
analysis of FS sample was given inTable 1.

2.1.2. Cr(VI) solutions
A 1 g/l Cr(VI) stock solution was prepared by using

K2Cr2O7. All working solutions in different concentrations
were prepared by diluting the stock solution with distilled
water.

2.2. Methods

2.2.1. Model of jigging outlet water
A 5 l of tap water was mixed with 500 g of crushed original

FS sample [W/FS ratio (w/w) = 10]. This mixture was recip-
r solid
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a mple.
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y using SO2 and sulphite salts and ferrous sulphate in
reatment processes practised[19–22].

For hexavalent chromium treatment of ferrochrom
ecovery process water, FeSO4 reduction and coke adsor
ion processes have been applied as a model solution[6]. In
he mentioned study, chromium reduction properties of
ochromium slag have also been found out. This fact br
o mind the idea that the treatment of jigging water cont
ng Cr(VI) may be accomplished by using ferrochromi
lag. It is worthy to investigate Cr(VI) reduction by us
errochromium slag which contains iron and chrom
ostly in metallic state as reductants. Further, oxide

ilicate matrix of slag may partly adsorb chromates. A
ionally, after reduction, in a following step another p
ion of slag may be used to neutralize the reduced s
ion in order to precipitate Cr(III) formed. That this wa
as no cost and is readily available material in the
ochromium plant may constitute an advantage. With
omic point of view, in our earlier works, we have stud
r(VI) reduction by some solid reductants such as co
melter slag[23], steel wool [24], pyrite [25], synthetic

ron sulphide[26] and siderite[27] which are cheap mat
ials.

In this study, the use of ferrochrome slag for the red
ion of Cr(VI) in the outlet water of ferrochrome reclaimi
rocess was explored. For this purpose, firstly, chromium
olution from ferrochromium slag contacted with water
ested. Then, amounts of sulphuric acid and ferrochrom
lag on the reduction of Cr(VI) in a hypothetic model ou
ater were studied.
ocally shaken for 2 h. The water was separated from
y decanting. The water obtained at washing operation
ixed with a fresh portion of FS in the ratio of 10. This m

ure was shaken for 2 h. A 50 ml water sample was pipett
he end of each fifth batch. This procedure was sequen
epeated 50 times by keeping the W/FS ratio of 10 and
act time of 2 h. Water samples drawn at every fifth stage
ubjected to pH measurements and Cr(VI), total Cr an
nalyses. This test was also repeated for grinded FS sa

.2.2. Hypothesis of reduction process
Our preliminary tests showed that Cr(VI) could be redu

n the aqueous solution by slag in acidic conditions.
eduction of hexavalent chromium by metallic compon
f slag in acidic solutions can be expressed by follow
quation:

[xFe·yCr] + (x + y)Cr2O7
2− + 14(x + y)H+

→ 2xFe3+ + 2(x + 2y)Cr3+ + 7(x + y)H2O (1)

able 1
hemical composition of ferrochromium slag (FS) sample

onstituent %

e 1.40
r 5.20
iO2 28.89
l2O3 29.64
gO 31.51
aO 0.50
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where x and y are stoichiometric coefficients. It must be
denoted that the amount of acid to be used in reduction pro-
cess is the most important parameter because of the fact that
the basic components of slag can also consume acid by simul-
taneous reaction depicted by Eq.(2):

Me2Oz + 2zH3O+ → 2Mez+ + 3zH2O (2)

where Me is a metal i.e. Ca, Mg, Al or others present in
oxide form andz is a stoichiometric coefficient depending on
oxidation state of metal.

2.2.3. Reduction study
To prepare a working solution in desired Cr(VI) concen-

tration having various amount of acid, appropriate volumes of
stock Cr(VI) solution (1000 mg/l) and H2SO4 solution (5 M)
was mixed and made up to 250 ml with distilled water. Prede-
termined amount of FS was added to the solution prepared.
The flask was capped and the mixture was shaken at a rate of
200 rpm. After a predetermined period, a 10 ml sample repre-
senting mixture was drawn by automatic pipette. The mixture
was filtered by using S&S 589 filter paper. The supernatants
were analyzed. Controls without solid were also run in par-
allel. All experiments were performed in duplicate and the
mean values were taken. The values obtained in duplicates
were found to vary within±5%.
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analytical chemicals. All dilutions were made by distilled
water.

3. Results and discussion

3.1. Results of TCLP test

Toxicity characteristic leach procedure (TCLP) tests
showed that Cr concentration in TCLP extracts obtained from
crushed and grinded ferrochromium slag (FS) samples are
0.54 and 0.80 mg/l, respectively, that meet the US EPA limits
of 5 mg/l for chromium. This result is in agreement with the
results reported by Gericke[9] for various ferrochromium
slags. According to TCLP test results, it can be concluded
that the ferrochromium slag is not a potential pollutant.

3.2. Results of sequential washing of FS

In order to see the concentration value to be achieved after
certain batches, the solubilization of chromium from FS was
systematically tested by sequential washings in which fresh
FS samples were contacted with a same water sample at
a water/FS ratio of 10 for 50 batches. The concentrations
of Cr(VI) of each fifth extract drawn is shown inTable 2.
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.2.4. Precipitation study
In order to precipitate metal ions in the solution obtai

rom Cr(VI) reduction study, usability of FS having ba
roperty as a precipitation reagent was tested. For this
ose, different dosages of FS were added to the solution
ixtures were shaken for 60 min and then they were filt
nd analyzed for metal ions.

.2.5. TCLP tests
The toxicity characteristics leaching procedure (TC

est method was applied to see the leaching behavio
hromium from FS and solid residues of reduction and
ipitation processes. For this purpose, 100 g of sample
laced in a plastic bottle together with 2000 ml of leach s

ion, sodium acetate/acetic acid buffer solution, pH of w
s 4.93. The mixture was then agitated at 18 rpm for 24 h.

ixture was filtered through a 0.45�m glass fibre filter an
he filtrate obtained was analyzed[28].

.2.6. Methods of analysis
Ferrochromium slag samples were analyzed by X

pectrometer (Rigaku) in Etiholding Ferrochromium Pl
odel outlet water of ferrochromium concentration p

ess and solutions obtained in reduction study were
yzed by spectrophotometer (Shimadzu UV 1201) u
iphenyl carbazide method for Cr(VI), by atomic abso

ion spectrophotometer (Perkin-Elmer 370) for Fe and
r [29]. pH measurements were done by a pH meter (

ler Delta 350). Standard solutions were prepared by u
r(VI) and total chromium concentrations of the final extr
ave been found in very close range (±3%) that implies th
hromium in the extracts exists mostly in hexavalent fo
he sequential batch washing experiment applied as a m
f ferrochromium reclaiming operation showed that con

ration of Cr(VI) increased with batch number. The Cr(
oncentrations of water contacted with FS in a closed c
fter 50 batches were found as 0.61 and 3.80 mg/l for cru
S (<1.2 mm) and grinded FS (<75�m), respectively. Thes
esults show that outlet water of jigging operation ca
chromium pollution that it has to be prevented. This

ecessitates that water effluent of jigging must be reus
closed cycle and final effluent must be treated for Cr

emoval. It is a surprising result that a trace amount of c

able 2
r(VI) Concentration and pH of water sequentially contacted with FS

atch no. Cr(VI) concentration (mg/l) pH

Crushed FS
(<1.2 mm)

Grinded FS
(<75�m)

Crushed FS
(<1.2 mm)

Grinded FS
(<75�m)

5 a 0.41 8.78 9.95
10 0.14 0.76 8.87 10.20
15 0.19 1.20 8.96 10.22
20 0.26 1.52 9.11 10.24
25 0.32 1.87 9.15 10.22
30 0.39 2.29 9.24 10.21
35 0.46 2.73 9.30 10.22
40 0.52 3.12 9.37 10.24
45 0.57 3.46 9.40 10.25
50 0.61 3.80 9.38 10.23

a Under detection limit.
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Fig. 1. Effects of acid amount, FS dosage and contact time on the Cr(VI) reduction [initial Cr(VI) concentration: 10 mg/l; temperature: 25◦C; acid concentration:
5 M].

mate compound generates during smelting in spite of strong
reductive conditions. However, Beukes and Guest[7] have
reported a similar result that has been explained as the milling
practice of ferrochromium slag could alter the oxidation state
of chromium. In crushing and grinding operations, the atmo-
spheric oxygen and also the heat evolving by the result of
friction may cause or contribute to a partial oxidation of
metallic or oxidic chromium in FS. That the chromium con-
centration of the extracts obtained from grinded FS is much

higher than that of crushed FS confirms the results reported
by Beukes and Guest[7].

3.3. Effects of acid amount, FS dosage and contact time

The reduction of Cr(VI) in the synthetic solutions with fer-
rochromium slag was systematically investigated under vari-
ous conditions. In a series of experiments, different amounts
of H2SO4 solution (5 M) was added to a 10 mg/l Cr(VI) solu-

F
1

ig. 2. The variations of Cr(VI) reduction, final pH, Fe and total Cr concentra
0 mg/l; FS dosage: 10 g/l; temperature: 25◦C].
tions with contact time depending on acid amount [initial Cr(VI) concentration:
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tion and various FS dosage were tested for Cr(VI) reduction.
The results obtained for various contact time are given in
Fig. 1. As seen from the figure, increasing FS dosage and the
amount of acid increases the reduction percentage of Cr(VI)
for a certain contact time. Contact time is another important
parameter causing an increase in Cr(VI) reduction. In the
presence of 4.0 ml/l 5 M H2SO4, 5 g/l of FS dosage could
reduce Cr(VI) about 90% for a contact time of 120 min,
doubling the dosage causes a complete reduction within a
short period of 15 min. It is clearly seen that contact time of
60 min is sufficient for an efficient reduction for most of the
FS dosages studied.

Because the FS is cheaper material than H2SO4, for such
a process, the amount of H2SO4 must be firstly optimized.
For this purpose, 10 g/l FS dosage was selected and the effect
of acid amount was studied in the range of 2.0–5.0 ml/l by
increasing the amount of H2SO4 (5 M) in 0.5 ml/l increments.
In these experiments, final pH was measured and Fe and total
Cr were analyzed in the reduced solutions. The results are
shown inFig. 2.

The efficient reductions were obtained for acid amounts
more than 3 ml/l. As seen, the more acid amount were used the
shortened reduction period were obtained for whole Cr(VI)
reduction. For a 100% reduction, 60 min is required with
3.5 ml/l acid (5 M), whereas a contact time of 15 min is suffi-
cient with a 4.0 ml/l acid. Total Cr concentration of reduced

solution are found to be more than 10 mg/l which is initial
Cr(VI) concentration. As expected, metallic Cr in FS is oxi-
dized to Cr(III) when it reduces Cr(VI) to Cr(III), and thus,
final total Cr concentrations raises to the values more than
20 mg/l. For 2–4 ml/l acid, at the beginning of contact time,
Fe concentrations of reduced solutions are estimated in the
range of 4–7 mg/l. After a while, a decrease in Fe concen-
tration, on the contrary, an increase in final pH of solutions
is observed. This can be explained by the reaction of basic
constituents of FS between excess acid present in solution.
Consequently, Fe solubilized in the initial period may be
converted into hydroxo iron species by hydrolysis as neu-
tralization reactions progress.

From the results, it can be stated that the reduction of
Cr(VI) by FS is strongly acid dependent. On the other hand,
the basic constituents of FS such as calcium, magnesium and
aluminium oxides consume acid. For this reason, excessive
acid more than stoichiometry of Eq.(1) may be required.

In order to see the effect of initial Cr(VI) concentration,
the solutions containing Cr(VI) in the range of 5–25 mg/l and
3.5 ml/l acid (5 M) was contacted with FS in the dosage of
10 g/l for various periods. The results are given inFig. 3. It can
be seen that a FS dosage of 10 g/l can effectively reduce the
Cr(VI) in the concentration of 5 and 10 mg/l in the presence
of 3.5 ml/l H2SO4 (5 M). However, for a 15 mg/l Cr(VI), the
reduction could not be completed even for a contact time of

F
2

ig. 3. Effects of Cr(VI) initial concentration and contact time on the Cr(VI)
5◦C].
reduction [FS dosage: 10 g/l; acid amount: 3.5 ml/l H2SO4 (5 M); temperature:
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Fig. 4. Effects of temperature and contact time on the Cr(VI) reduction [initial Cr(VI) concentration: 10 mg/l; FS dosage: 10 g/l; acid amount: 3.5 ml/l H2SO4

(5 M)].

240 min. pH of final solutions was measured in the close range
of 3.6–3.8. This may show the effect of basic constituents of
FS which is present in the same amount (10 g/l) that neutralize
the certain amount of acid present (3.5 ml/l) in the solution
contacted in the period of 240 min. Reduction reaction rapidly
occur in the initial period that the acid is not consumed yet.
From Fig. 3, it is clearly seen that reduction reaches to a
plateau within a period of 30 min, beyond this point, reduction
performs very slowly. Decreasing Fe values are observed and
this fact strengthens the hydrolysis idea.

The effect of temperature on the reduction of Cr(VI) by FS
is shown inFig. 4. As seen, temperature has a positive effect
on the reduction. For example, the reduction is accomplished
within about 15 min of contact time at 40◦C, whereas 60 min
is required for a completed reduction of Cr(VI) in the initial
concentration of 10 mg/l at 25◦C. Fe concentration decreases
in similar trend with increasing temperature and contact time.

By using FS, precipitation experiments were run in
reduced solutions. In these tests, firstly, 10 mg/l Cr(VI) solu-
tions were reduced by a 10 g/l FS at the conditions of 3.5 ml/l
H2SO4 (5 M), 25◦C and 60 min. At the end of the reduction,
a weighed amount of fresh FS was added to the reduced solu-
tion and contacted by shaking for another period of 60 min.
pH measurements and metal analyses were done in final solu-
tions. The results are shown inFig. 5. It can be stated that FS

can precipitate Cr(III) and Fe ions in the solution. As seen
from figure, an increase in FS dosage results an increase in
final pH and a decrease in Cr(III) and Fe concentrations. A
40 g/l FS dosage could precipitate almost all Cr and Fe ions in
the solution. In this dosage, final pH of solution was measured
as over 6.

Fig. 5. Effect of FS dosage on the Cr(III) and iron precipitation in the reduced
solution. [The reduced solution was obtained by contacting the 10 mg/l
Cr(VI) solution with FS (10 g/l) for 60 min in the 3.5 ml/l acid presence
at 25◦C. In this solution, initial total Cr concentration was 20.4 mg/l and
iron concentration was about 6 mg/l.]
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Finally, TCLP tests conducted for the solid residues, con-
tain Cr(III) and Fe(III), from reduction and precipitation pro-
cesses showed that concentrations of the chromium dissolved
from both samples are 0.40 and 0.75 mg/l, respectively, which
are well below the 5 mg/l limit for TCLP specified by USEPA.
Therefore, it can be noted that the solid wastes remained in the
reduction–precipitation process applied are environmentally
stable.

4. Conclusions

This study has shown that the outlet water of jigging oper-
ation applied for ferrochromium reclamation from slag may
contain Cr(VI) in significant level. This investigation has
demonstrated that the reduction of Cr(VI) and the precipi-
tation of Cr(III) and Fe ions formed can be accomplished
by using fine ferrochromium slag (FS). The reduction of
Cr(VI) by FS is strongly governed by the amount of acid.
Consequently, it can be stated that the use of ferrochromium
slag for the removal of Cr(VI) from jigging water may be a
cost-effective alternative. For this process, H2SO4 is solely
material to be provided.
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