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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) concentratienof water contacted with ferrochromium slag (W/FS =10) in a closed cycle after 50 batches were found as
0.61 mgl/l. Also, reduction of Cr(VI) to Cr(Ill) and a subsequent precipitation of Cr(lll) 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. ,
10 g/l FS dosage and 3.5 ml/LBO, (5 M) are sufficient to reduce all Cr(VI) in the model solution containing 10 mg/l Cr(VI) and for contact
time of 60 min at 25C. In reduced solutions, precipitation of metal ions has been studied by using extra FS. A 60 g/l dosage of fresh FS can
precipitate all Cr(lll) and Fe ions in the reduced solution. Thus, it has been demonstrated that the treatment of jigging water stream to be
generated in a ferrochrome plant containing Cr(VI) can be accomplished by using ferrochromium slag and sulphuric acid. Also, it has beer
determined that solid residues of the process are environmentally stable by applying TCLP test.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction amount ratio in smelting varies from 1.0 to 1.8, depending
on raw material$l].

Ferrochromium is a master alloy of iron and chromium, Slag is discarded as a waste material in enormous quanti-
containing 45-80% Cr and various amounts of Fe, C and otherties during the ferrochrome production. A relatively small
elements. Ferrochromium is produced pyrometallurgically percentage of this material finds application, but the vast
by carbothermic reduction of chromite ore (FEBO03). majority of material generated each year is held in dumps
The main slag additives used are quartzite and aluminiumand as land disposing costs increase, new disposal options
oxide containing materials to compensate for the high mag- are needed. As an alternative to land disposal, considering
nesium content in certain ores, and magnesium and calciumchemically inert and safe, slag has been used as construction
oxide containing materials for aluminium rich ores. The fer- materials and aggregate due to its excellent technical material
rochromium slags consist mainly of SiQA\l,03 and MgO in propertied2-4].
different phases such as spinel, M@Q»O3, and forsterite, Alternatively, reclaiming ferrochromium metal entrapped
MgO-SiOg, but also smaller amounts of CaO, chromium and in slag seems to be economic. In order to recover metal,
iron oxides and metal fragments. The chromium content in slag has been crushed and subjected to wet magnetic and
slags is 2-12%, in oxide and metal form. The slag/metal gravimetric methodgL,5]. All of these might be good ideas,

however, slags can contain high levels of extractable toxic ele-
mpondmg author, Tel.: +90 424 2370000/3643; men_ts Wh_ich could pose environmental problem. In a study
fax: +90 424 2415526. dealing with the process water of metal recovery from slag,

E-mail address: ftumen@firat.edu.tr (F. Tmen). it has been reported that Cr has been detected as chromate in
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the processing water, which may create chromium pollution 2. Materials and methods

[6]. In another study, it has been reported that milling prac-

tice of ferrochromium slag could alter the oxidation state of 2.1. Material

chromium and cause the threat of Cr(VI) releadii On

the other hand, it has been indicated that other solid waste2.1.1. Ferrochromium slag

such as bag filter dust or its sludge produced during the Ferrochrome slag (FS) samples were provided from glazi
ferrochromium production contain high levels of soluble hex- Ferrochrome Plant of Etiholding (Turkey). FS was crushed
avalent chromiunj8—11] Since these materials are consid- to <1.2 mm (16 mesh). A portion of crushed FS sample was
ered as hazardous pollutants, their fixation and stabilization grinded and screened from a 200 meshy(#9 screen. Both
characteristics have also been studie2-15] The produc- FS samples (<16 and <200 mesh) were used for obtaining
tion of ferrochromium and stainless steel has been mentionedmodel outlet water of jigging. Less than g5 fraction (<200
among the greatest contributors to atmospheric emission ofmesh) of FS was used for Cr(VI) reduction study. The XRF
chromium[16]. These facts show that ferrochromium pro- analysis of FS sample was givenTable 1

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 organismg17,18] The most stable oxidation states of
chromium are Cr(Ill) and Cr(VI) in agqueous systems. The
trivalent chromium is quite immobile in the water environ-
ment because of limited solubility of its hydroxide, which is  2.2. Methods
readily formed in the pH range of natural waters. Because
of the benign character of Cr(lll), detoxification and immo- 2.2.1. Model of jigging outlet water
bilisation processes of Cr(Vl) is based on its reduction to  A5|of tap water was mixed with 500 g of crushed original
Cr(lll). Conventionally, the reduction of Cr(VI) is performed  FS sample [W/FS ratio (w/w) = 10]. This mixture was recip-
by using SQ and sulphite salts and ferrous sulphate in the rocally shaken for 2 h. The water was separated from solid
treatment processes practig&8—22] by decanting. The water obtained at washing operation was

For hexavalent chromium treatment of ferrochromium mixed with a fresh portion of FS in the ratio of 10. This mix-
recovery process water, Fep@duction and coke adsorp- ture was shaken for 2 h. A 50 ml water sample was pipetted at
tion processes have been applied as a model sol[&Joim the end of each fifth batch. This procedure was sequentially
the mentioned study, chromium reduction properties of fer- repeated 50 times by keeping the W/FS ratio of 10 and con-
rochromium slag have also been found out. This fact brings tacttime of 2 h. Water samples drawn at every fifth stage were
to mind the idea that the treatment of jigging water contain- subjected to pH measurements and Cr(V1), total Cr and Fe
ing Cr(VIl) may be accomplished by using ferrochromium analyses. This test was also repeated for grinded FS sample.
slag. It is worthy to investigate Cr(VI) reduction by using
ferrochromium slag which contains iron and chromium
mostly in metallic state as reductants. Further, oxide and
silicate matrix of slag may partly adsorb chromates. Addi-
tionally, after reduction, in a following step another por-
tion of slag may be used to neutralize the reduced solu-
tion in order to precipitate Cr(lll) formed. That this waste
has no cost and is readily available material in the fer-
rochromigm plal_ﬂt may constitu_te an advantage. With €CO- o[yFe yCr] + (x+y)Cr2072* 4 14(x + y)HT
nomic point of view, in our earlier works, we have studied
Cr(VI) reduction by some solid reductants such as copper — 2xF€*" +2(x+2y)Cr** + 7(x + y)H20 1)
smelter slag[23], steel wool[24], pyrite [25], synthetic
iron sulphide[26] and sideritg27] which are cheap mate- 1 pe1

2.1.2. Cr(VI) solutions

A 1g/l Cr(VI) stock solution was prepared by using
K2Cr0y7. All working solutions in different concentrations
were prepared by diluting the stock solution with distilled
water.

2.2.2. Hypothesis of reduction process

Our preliminary tests showed that Cr(VI) could be reduced
in the aqueous solution by slag in acidic conditions. The
reduction of hexavalent chromium by metallic components
of slag in acidic solutions can be expressed by following
equation:

rials. Chemical composition of ferrochromium slag (FS) sample
In this study, the use of ferrochrome slag for the reduc- -gnstituent %

tion of Cr(VI) in the outlet water of ferrochrome reclaiming L0

process was explored. For this purpose, firstly, chromium dis- , 5.20

solution from ferrochromium slag contacted with water was sio, 28.89

tested. Then, amounts of sulphuric acid and ferrochromium Al203 29.64

slag on the reduction of Cr(VI) in a hypothetic model outlet '(\:"38 3%)-55%)

water were studied.
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wherex and y are stoichiometric coefficients. It must be analytical chemicals. All dilutions were made by distilled
denoted that the amount of acid to be used in reduction pro-water.

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 ER): 3. Results and discussion

Me2O, + 2zH30" — 2Me™T + 3zH,0 @)

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

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 5mg/l for chromium. This result is in agreement with the
results reported by Geric®] for various ferrochromium
slags. According to TCLP test results, it can be concluded
that the ferrochromium slag is not a potential pollutant.

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 50O, 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 -2- Results of sequential washing of F'S
200 rpm. After a predetermined period, a 10 ml sample repre- . )
senting mixture was drawn by automatic pipette. The mixture I prder to see the concentration value to be achieved after
was filtered by using S&S 589 filter paper. The supernatants certain bqtches, the solublllzatloq of chror.mum. from.FS was
were analyzed. Controls without solid were also run in par- Systematically tested by sequential washings in which fresh
allel. All experiments were performed in duplicate and the FS samples were contacted with a same water sample at
mean values were taken. The values obtained in duplicates® Water/FS ratio of 10 for 50 batches. The concentrations

were found to vary withint5%.

2.2.4. Precipitation study

In order to precipitate metal ions in the solution obtained
from Cr(VI) reduction study, usability of FS having basic
property as a precipitation reagent was tested. For this pur-
pose, different dosages of FS were added to the solutions an
mixtures were shaken for 60 min and then they were filtered
and analyzed for metal ions.

2.2.5. TCLP tests

The toxicity characteristics leaching procedure (TCLP)
test method was applied to see the leaching behaviour of
chromium from FS and solid residues of reduction and pre-

cipitation processes. For this purpose, 100 g of sample was

placed in a plastic bottle together with 2000 ml of leach solu-
tion, sodium acetate/acetic acid buffer solution, pH of which
is 4.93. The mixture was then agitated at 18 rpm for 24 h. The

of Cr(VI) of each fifth extract drawn is shown ifable 2
Cr(VI) and total chromium concentrations of the final extracts
have been found in very close range3%) that implies the
chromium in the extracts exists mostly in hexavalent form.
The sequential batch washing experiment applied as a model
of ferrochromium reclaiming operation showed that concen-

dration of Cr(VI) increased with batch number. The Cr(VI)

concentrations of water contacted with FS in a closed cycle
after 50 batches were found as 0.61 and 3.80 mg/I for crushed
FS (<1.2mm) and grinded FS (<@8n), respectively. These
results show that outlet water of jigging operation causes
a chromium pollution that it has to be prevented. This fact
necessitates that water effluent of jigging must be reused in
a closed cycle and final effluent must be treated for Cr(VI)
removal. It is a surprising result that a trace amount of chro-

Table 2
Cr(VI) Concentration and pH of water sequentially contacted with FS

mixture was filtered through a 0.45n glass fibre filter and  Batchno.  cr(vI) concentration (mgl) pH
the filtrate obtained was analyz{28]. Crushed FS Grinded FS Crushed FS Grinded FS
(<1.2mm)  (<75um) (<1.2mm)  (<75pum)
2.2.6. Methods of analysis 5 a 0.41 8.78 995
Ferrochromium slag samples were analyzed by XRF 10 014 0.76 8.87 10.20
spectrometer (Rigaku) in Etiholding Ferrochromium Plant. 15  0.19 1.20 8.96 10.22
Model outlet water of ferrochromium concentration pro- 20 026 1.52 9.11 10.24
cess and solutions obtained in reduction study were ana- ;g g-gg ;-g; géi 18%
lyzed by spectrophotometer (Shimadzu UV 1201) using 3B 046 573 9.30 10.22
diphenyl carbazide method for Cr(VI), by atomic absorp- 40 052 312 9.37 10.24
tion spectrophotometer (Perkin-Elmer 370) for Fe and total 45 057 3.46 9.40 10.25
50  0.61 3.80 9.38 10.23

Cr [29]. pH measurements were done by a pH meter (Met-

tler Delta 350). Standard solutions were prepared by using

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; temperafy@cidToncentration:
5M].

mate compound generates during smelting in spite of stronghigher than that of crushed FS confirms the results reported
reductive conditions. However, Beukes and Gyékthave by Beukes and Gue§t].

reported a similar result that has been explained as the milling

practice of ferrochromium slag could alter the oxidation state 3.3. Effects of acid amount, FS dosage and contact time

of chromium. In crushing and grinding operations, the atmo-

spheric oxygen and also the heat evolving by the result of  The reduction of Cr(VI) in the synthetic solutions with fer-
friction may cause or contribute to a partial oxidation of rochromium slag was systematically investigated under vari-
metallic or oxidic chromium in FS. That the chromium con-  ous conditions. In a series of experiments, different amounts
centration of the extracts obtained from grinded FS is much of H,SQ, solution (5 M) was added to a 10 mg/I Cr(VI) solu-
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Fig. 2. The variations of Cr(VI) reduction, final pH, Fe and total Cr concentrations with contact time depending on acid amount [initial Cr(Vl)atmrcent
10 mg/l; FS dosage: 10 g/l; temperature°23.
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tion and various FS dosage were tested for Cr(VI) reduction. solution are found to be more than 10 mg/l which is initial
The results obtained for various contact time are given in Cr(VI) concentration. As expected, metallic Cr in FS is oxi-
Fig. L As seen from the figure, increasing FS dosage and thedized to Cr(lll) when it reduces Cr(VI) to Cr(lll), and thus,
amount of acid increases the reduction percentage of Cr(VI)final total Cr concentrations raises to the values more than
for a certain contact time. Contact time is another important 20 mg/l. For 2—4 ml/l acid, at the beginning of contact time,
parameter causing an increase in Cr(VI) reduction. In the Fe concentrations of reduced solutions are estimated in the
presence of 4.0ml/l 5M 5Oy, 59/l of FS dosage could range of 4—7 mg/l. After a while, a decrease in Fe concen-
reduce Cr(VI) about 90% for a contact time of 120 min, tration, on the contrary, an increase in final pH of solutions
doubling the dosage causes a complete reduction within ais observed. This can be explained by the reaction of basic
short period of 15 min. It is clearly seen that contact time of constituents of FS between excess acid present in solution.
60 min is sufficient for an efficient reduction for most of the Consequently, Fe solubilized in the initial period may be

FS dosages studied. converted into hydroxo iron species by hydrolysis as neu-
Because the FS is cheaper material thaB®}, for such tralization reactions progress.
a process, the amount o, HO; must be firstly optimized. From the results, it can be stated that the reduction of

For this purpose, 10 g/l FS dosage was selected and the effec€r(VI) by FS is strongly acid dependent. On the other hand,
of acid amount was studied in the range of 2.0-5.0 ml/l by the basic constituents of FS such as calcium, magnesium and
increasing the amount of4304 (5 M) in 0.5 ml/lincrements. aluminium oxides consume acid. For this reason, excessive
In these experiments, final pH was measured and Fe and totahcid more than stoichiometry of E€.) may be required.
Cr were analyzed in the reduced solutions. The results are In order to see the effect of initial Cr(VI) concentration,
shown inFig. 2 the solutions containing Cr(VI) in the range of 5-25 mg/l and
The efficient reductions were obtained for acid amounts 3.5ml/l acid (5 M) was contacted with FS in the dosage of
more than 3 ml/l. As seen, the more acid amount were used thelO g/l for various periods. The results are giveRig. 3. It can
shortened reduction period were obtained for whole Cr(VI) be seen that a FS dosage of 10 g/l can effectively reduce the
reduction. For a 100% reduction, 60 min is required with Cr(VI) in the concentration of 5 and 10 mg/l in the presence
3.5ml/lacid (5 M), whereas a contact time of 15 min is suffi- of 3.5ml/l HobSOy (5 M). However, for a 15 mg/l Cr(VI), the
cient with a 4.0 ml/l acid. Total Cr concentration of reduced reduction could not be completed even for a contact time of
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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/I; acid amouhH 33&ml/
(5M)].

240 min. pH of final solutions was measuredin the close rangecan precipitate Cr(lll) and Fe ions in the solution. As seen
of 3.6—-3.8. This may show the effect of basic constituents of from figure, an increase in FS dosage results an increase in
FSwhichis presentin the same amount (10 g/l) that neutralizefinal pH and a decrease in Cr(lll) and Fe concentrations. A
the certain amount of acid present (3.5 ml/l) in the solution 40 g/l FS dosage could precipitate almostall Crand Fe ions in
contactedinthe period of 240 min. Reduction reactionrapidly the solution. Inthis dosage, final pH of solution was measured
occur in the initial period that the acid is not consumed yet. as over 6.

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 4€, whereas 60 min
is required for a completed reduction of Cr(VI) in the initial
concentration of 10 mg/l at 2. Fe concentration decreases
in similar trend with increasing temperature and contact time.

By using FS, precipitation experiments were run in 0 —————————» 0
reduced solutions. In these tests, firstly, 10 mg/l Cr(VI) solu- 0 10 20 30 40 50 60 70 80 90 100 110 120
tions were reduced by a 10 g/l FS at the conditions of 3.5 ml/| FS Dosage, g/l
H2SOy (5 M), 25°C and 60 min. At the end of the reduction,
aweighed amount of fresh FS was added to the reduced solufig: 5 Effect of FS dosage on_the Cr(l1n) and_iron precipitatiop inthe reduced
tion and contacted by shaking for another period of 60 min. solution. rl'he regiuced solution was ob_tal_ned by contactlng the 10 mg/I

s Cr(VI) solution with FS (10g/l) for 60 min in the 3.5ml/I acid presence
pH measurements and metal analyses were done in final soluat 25°c. In this solution, initial total Cr concentration was 20.4 mg/l and
tions. The results are shownhiig. 5. It can be stated that FS  iron concentration was about 6 mg/1.]

Metal Concen. Remained
in the Solution, mg/l
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Finally, TCLP tests conducted for the solid residues, con- [7] J.P. Beukes, R.N. Guest, Cr(VI) generation during milling, Miner.
tain Cr(lll) and Fe(lll), from reduction and precipitation pro- Eng. 14 (2001) 423. _
cesses showed that concentrations of the chromium dissolved!8] J-P- Beukes, J.J. Pienaar, G. Lachmann, E.W. Giesekke, The reduc-

. . tion of hexavalent chromium by sulphite in wastewater, Water SA
from both samples are 0.40 and 0.75 mg/l, respectively, which ¢ (1999) 363 v sup

are well below the 5 mg/llimit for TCLP specified by USEPA. 9] w.A. Gericke, Environmental solutions to waste products from fer-

Therefore, it can be noted that the solid wastesremainedinthe  rochrome production, in: Proceedings of the Eighth International

reduction—precipitation process applied are environmentally Ferroalloys Congress (INFACON 8), Session A, Beijing, China, June

stable. 7-10, 1998, pp. 51-58.

[10] B. Cohen, J.G. Petrie, Containment of chromium and zinc in fer-
rochromium flue dusts by cement-based solidification, Can. Metall.
Quart. 36 (1997) 251.

4. Conclusions [11] W.A. Gericke, Environmental aspects of ferrochromium production,
in: Proceedings of the INFACON 7, Trondheim, Norway, 1995, pp.
131-140.

[12] J.P. Smit, E.W. Giesekke, R.J. Mogoai, Fixation and stabilisation of
Cr(VI) and soluble salts from the ferrochromium industry in cement

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 bricks, in: S.R. Rao, L.M. Amaratunga, G.G. Richards, P.D. Kondos
demonstrated that the reduction of Cr(VI) and the precipi- (Eds.), Waste Processing and Recycling in Mineral and Metallurgical
tation of Cr(Ill) and Fe ions formed can be accomplished Industries IIl, The Metallurgical Society of CIM, 1998, p. 13.

by using fine ferrochromium slag (FS) The reduction of [13] E.W. Giesekke, Mineral-based treatment strategies for wastes and

. . effluents, S. Afr. J. Sci. 95 (1999) 367.
Cr(VI) by FSis Strongly govemed by the amount of acid. 14] E.W. Giesekke, J.P. Smit, E.A. Viljoen, A.W. Kruger, S.J. Kruger,

Consequently, it can be stated that the use of ferrochromium™ ~ ¢ . maine, Evaluation of solid-stabilized products made from

slag for the removal of Cr(VI) from jigging water may be a Cr(VI)-containing ferrochrome bag-filter dust, in: Proceedings of the
cost-effective alternative. For this process3; is solely WASCON 2000, Leeds, UK, May 30-June 2, 2000.
material to be provided. [15] B.B. Lind, A.-M. F_allman, L.B. Lars_s0n| Environmental impact of
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