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bstract

The level of the generation of hexavalent chromium during ferrochrome production was checked. The concentration of Cr(VI) increases with each
tage of ferrochrome production, 7070 �g g−1 being the highest concentration encountered in the last stage of production (dust). This concentration
xceeds the maximum acceptable total Cr concentration per 8 h by a factor of more than 1000.

It was further observed that there is a higher contamination of soil by this pollutant closer to the plant than further away. The highest concentrations
f Cr(VI) in soil and grass were found to be 12.7 and 4.2 �g g−1, respectively. The results of the investigation indicate that the consumption of such

rass by animals do not pose any health hazard, for concentrations of the toxic Cr species are very low. Therefore, the release of emissions, including
ust, during ferrochrome production, is a major contributor to occupational diseases and death to people working in ferrochrome production plant
r mine.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ferrochromium, the master alloy of iron and chromium, con-
ains 45–80% Cr with various amounts of Fe. It is produced by
arbothermic reduction of chromite ore (FeO·Cr2O3). The fer-
ochromium slags consist mainly of SiO2, Al2O3 and MgO in
ifferent phases and smaller amounts of CaO, chromium and
ron oxides and metal fragments. The slag/metal amount ratio in
melting varies from 1.0 to 1.8, depending on raw materials [1].

Ferrochrome production results in the discard of slag as a
aste material in enormous quantities. Slags normally contain
igh levels of extractable toxic Cr(VI) which could pose envi-
onmental problem. In a study dealing with the process water of
etal recovery from slag, it has been reported that Cr has been

etected as chromate in the processing water, which may create
hromium pollution [2]. On the other hand, it has been indicated

hat other solid wastes such as bag filter dust or its sludge pro-
uced during the ferrochromium production contain high levels
f soluble hexavalent chromium [3–6]. The production of fer-
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tion spectrometry

ochromium and stainless steel has been mentioned among the
reatest contributors to atmospheric emission of chromium [7].
hese facts show that ferrochromium production is a source of
r(VI) pollution which can threat the environment.

Chromium is a redox active metal that persists as either Cr(III)
r Cr(VI) in the environment. These two oxidation states have
pposing toxicity and mobility. The trivalent Cr is an essential
utrient at low amounts and a little-toxic element at higher con-
ent and is mostly insoluble in water, while hexavalent Cr is very
oxic and readily transported [8,9]. The occupational exposure
o Cr(VI) compounds can leads to a variety of clinical problems
uch as asthma, bronchitis, pneuminitis, inflammation of the
iver and kidney [10,11]. Skin contact with Cr(VI) compounds
an induce skin allergies, dermatitis, dermal necrosis and dermal
orrosion [12,13].

Chromium contamination of soil and water is a significant
roblem since hexavalent form of chromium is highly toxic,
utagenic and potentially carcinogenic to living organisms

14,15]. Because of the benign character of Cr(III), detoxifi-

ation and immobilisation processes of Cr(VI) is based on its
eduction to Cr(III). Conventionally, the reduction of Cr(VI) is
erformed by using SO2 and sulphite salts and ferrous sulphate
n the treatment processes practiced [16–19].

mailto:MandiwanaKL@tut.ac.za
dx.doi.org/10.1016/j.jhazmat.2007.01.077
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hexavalent chromium concentrations were evaluated by analyz-
ing certified reference materials (CRMs), viz. MESS-3, PACS-2
and CRM 545. Table 2 gives a summary of the determination
of Cr(VI) and total Cr in CRMs. The results of the analysis

Table 1
Temperature program for the determination of Cr

Step Temperature (◦C) Ramp (s) Hold (s) Ar (mL min−1)

1 110 1 10 250
12 K.L. Mandiwana et al. / Journal of H

This paper describes the determination of Cr(VI) in samples
rom different stages of ferrochrome production and the level of
r(VI) in the surrounding grass and soil.

. Experimental

.1. Apparatus

A Perkin-Elmer AAnalyst 600 atomic absorption spectrom-
ter with Zeeman-effect background correction equipped with
r hollow cathode lamp operating at 25 mA was used for all
easurements. The wavelength and spectral band pass were set

t 357.9 and 0.7 nm, respectively. Transversely heated graphite
ubes (THGA) with integrated L’vov platforms (Perkin-Elmer,
art N B050-4033) were used as atomizers with argon as the
heath gas throughout.

.2. Reagents and standard solutions

Standard stock solutions containing 1000 mg L−1 Cr(VI) as
2CrO4(Merck) was used for the preparation of working stan-
ards for chromium. Ultra-pure water (resistivity, 18.2 M� cm),
btained from a Milli-Q water purification system (Millipore
orp., USA), was used for all dilutions and sample prepara-

ion. Ultra-pure HClO4(Merck), HF(Merck) and HCl(Merck)
ere used during the digestion for the total chromium determi-
ation. Hydrophilic PVDF 0.45 �m filters (Millipore Millex,
SA) were used for the filtration of all solutions. Certified
eference Materials: PACS-2, MESS-3 (marine sediments for

race metals obtained from the National Research Council of
anada) and CRM 545 [atmospheric dust that contains only
r(VI), Brussels] were used as quality control samples for the
valuation of analytical results of total and Cr(VI) determina-
ions.

.3. Collection of samples

Several samples collected during different stages of fer-
ochromium production have been analyzed, viz., chromium
re: the raw material from underground; lumpy ore: the crushed
re that has been removed of all junks; slag: the product of the
umpy slag that has undergone thermal decomposition; Pellets:
he product of fused slag and dust: the emissions from the last
tage of ferrochromium production. These samples were accom-
anied by soil and grass (Chloris gayana) samples collected
ithin 15 km from the ferrochrome plant. The samples were

ir-dried and homogenized by grinding in a IKA A11 milling
ystem to a grain size less than 200 �m.

.3.1. Sample preparation for the determination of Cr(VI)
Approximately 0.25 g of the sample was weighed and trans-

erred into a 100 mL glass beaker. Twenty-five millilitres of
.1 M Na2CO3 was added and the content of the beaker was

oiled on a hot-plate for 10 min [20,21]. After cooling, the sam-
le was filtered through Whatman no. 1 filter paper and diluted to
final volume of 25.0 mL with deionized water. Before the deter-
ination of Cr(VI) the solution was filtered through Hydrophilic

2
3
4
5
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illipore PVDF 0.45 �m filter to remove Cr(III) species that
ay be trapped within the colloidal suspension.

.3.2. Sample preparation for the determination of total Cr
n ore and soil

For the determination of total concentration of Cr in the
espective samples, 10 mL of concentrated HF and 2 mL of
oncentrated HClO4 were added to 0.25 g of the sample in a
latinum crucible. The mixture was heated till evaporation of
he excess acid. To eliminate the remaining organic matrix, 2 mL
f concentrated HClO4 was added and heated to dryness. The
esidue was dissolved in 5 mL of 6 M HCl and diluted to 50.0 mL
ith deionized water.

.3.3. Sample preparation for the determination of total
oncentration of Cr in plants

A nominal mass of 0.25 g of grass was accurately weighed
nto a Teflon digestion vessel (CEM type) and 5.0 mL of concen-
rated HNO3, 3.0 mL concentrated HF and 1.0 mL concentrated
Cl were added. The vessels were capped and the samples were
igested in microwave at a pressure 120 psi for 20 min. After
ooling, the cap was removed and the open vessel was heated
n a hot plate to evaporate the excess acid. The final volume of
ach sample solutions was adjusted to 25.0 mL with deionized
ater.

. Results and discussions

.1. Analytical determination of Cr

The samples were analyzed to determine Cr(VI) con-
entrations by electrothermal atomic absorption spectrometry
ETAAS), as a method of detection, using recommended tem-
erature program summarized in Table 1 [20,21]. The pyrolysis
emperature used ensured the complete removal of the matrix
rior atomization, thereby eliminating any influence that the
atrix could have during atomization.
The mechanism behind the leaching of Cr(VI) in solid sam-

les with 0.1 M Na2CO3 involves the transformation of insoluble
r(VI) compounds into soluble form, while Cr(III) species form

nsoluble hydroxides or carbonates [22], thereby separating the
wo chromium species.

The validation for the total determination of chromium and
250 5 20 250
1400 5 30 250
2450 0 5 0
2450 1 3 250
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Table 2
The results of the determination of Cr(VI) and total Cr in CRMs (�g g−1)

CRM Total Cr Cr(VI)

Certified Founda Certified Founda

CRM 281, rye grass 1.68 ± 0.41 1.78 ± 0.25 – –
CRM 545, atmospheric dust – – 39.5 ± 1.3 38.9 ± 1.2
PACS-2, marine sediments 90.7 ± 4.6 92.1 ± 3.8 – –
MESS-3, marine sediments 135 ± 5 133 ± 6 – –

a Average of six determinations at 95% level of confidence: Mean ± t0.05 × s√
n
.

Table 3
The average concentrations of Cr(VI) in ferrochrome samples (n = 6)

Type of sample Concentration range (�g g−1)

Chromium ore 0.38–0.44
Lumpy ore 0.62–0.76
Slag 3.0–4.2
Pellets 8.8–10.40
D
D
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Table 4
The correlation of Cr(VI) in soil with the distance from the ferrochrome plant

Samples of soil

[Cr(VI)]a (�g g−1) Total [Cr]a (�g g−1)

1 km 12.7 ± 1.3 356 ± 15
2 km 6.3 ± 1.2 196 ± 6
3 km 4.2 ± 2.1 150 ± 15
12–15 km 0.29 ± 0.2 79 ± 6

e
m
h
t

3
p

f
t
r

ust (kiln1) 2270–2860
ust (kiln2) 6570–7070

how good agreement between found and certified values, thus
alidating the whole analytical procedure.

.2. Results of Cr(VI) determination in ferrochrome
roduction samples

The results in Table 3 and the absorbance-time signals
f Cr(VI) of samples (Fig. 1) indicate that the concentra-
ions of Cr(VI) in different stages of ferrochrome production
ncrease with each level of ferrochrome purification, the low-
st being 0.38 �g g−1 (chromium ore) and the highest being
070 �g g−1 (dust). It therefore follows that, during the last
tage of ferrochrome production, Cr(VI) concentration increases
remendously. Its formation is caused by the oxidation of Cr(III)

y atmospheric oxygen at high temperatures [19]. The dust
amples have concentrations of Cr(VI) that are way above the
efined acceptable levels for total Cr in solid samples, and which

Fig. 1. Cr(VI) at different stages of ferrochrome production.

s
t
t
i
t

F
r

a Average of six determinations at 95% level of confidence: Mean ± t0.05 ×
s√
n
.

xceeded the maximum acceptable Cr(VI) levels by a factor of
ore than 1000 [23], thus implying that people exposed to such

igh toxic levels may suffer from symptoms of Cr poisoning in
he long term.

.3. Analyses of soil and grass around the ferrochrome
roduction plant

Soil samples around the ferrochrome plant were checked
or potential contamination by Cr(VI). The soil samples were
aken over a radius of 0–15 km from the ferrochrome plant. The
esults of the investigation given in Table 4 indicate that the soil
amples closer to the plant are more contaminated with Cr(VI)

han the samples from soil further away. Therefore, this means
hat the effects of ferrochrome pollution on the environment are
nversely proportional to the distance of such pollution from
he ferrochrome plant. The lower levels of Cr(VI) in soil sam-

ig. 2. Concentration of Cr(VI) in grass as a function of distance from fer-
ochrome plant.
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[22] G.S. Svehla, Vogel’s Qualitative Inorganic Analysis, 7th ed., Longman
14 K.L. Mandiwana et al. / Journal of H

les may be attributed to the leaching of Cr(VI) to underground
aters, since the samples were taken in April, which the month

s in the South African rainy season.
The same observation was made in respect of grass sam-

les, where the amount of Cr(VI) decreases as the distance from
he source of pollution increases. The highest concentration of
exavalent chromium in grass was found to be 4.2 �g g−1 at a
istance of approximately 1 km from the plant.

The results obtained indicate that grass has low accumulative
bility of Cr(VI) as shown by the low concentrations. Therefore,
here is lower probability that animals, which consume grass in
his area, will show symptoms of chromium poisoning (Fig. 2).

. Conclusions

The results of the investigation bring one to the conclusion
hat ferrochrome production is a major sources of Cr(VI) in the
ocal environment. The level of Cr(VI) increases in line with each
evel of purification during ferrochrome production. The last
tage of ferrochrome production generates most Cr(VI) species,
ighest being 7070 �g g−1 (dust). This concentration exceeds
he maximum acceptable levels and therefore poses health haz-
rd to animals and men. Overexposure to such levels could
robably result in animals and humans showing symptoms of
r poisoning.

The concentration of Cr(VI) in both soil and grass increases
s the distance from the ferrochrome plant increases, but overall,
hey are not high enough to be of concern, therefore, airborne
ust from the plant remains the major source of poisoning by
hromium.
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