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Abstract

Hexavalent chromium is a common and toxic pollutant in soils and wastewaters. Reduction of the mobile Cr(VI) to less mobile and less
toxic Cr(lll) is a solution for decontamination of industrial effluents. In this study, the reduction of hexavalent chromium in aqueous solutions
by siderite was investigated. The influences of amount of acid, contact time, siderite dosage, initial Cr(VI) concentration, temperature and
particle size of siderite have been tested in batch runs. The process was found to be acid, temperature and concentration dependent. The amou
of acid is the most effective parameter affecting the Cr(VI) reduction since carbonaceous gangue minerals consume acid by side reactions. The
highest Cr(VI) reduction efficiency (100%) occurred in the 50 mg/l Cr(VI) solution containing two times acid with respect to stoichiometric
amount of Cr(VI) and at the conditions of siderite dosage 20 g/l, contact time 120 min and tempera@ur&e8uction efficiency increased
with increase in temperature and decrease in particle size. The reduction capacity of siderite was found to be 17 mg-Cr(VI)/g.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The reducing agents commonly used for hexavalent
chromium are sulphur dioxide, sodium sulphites and fer-
Chromium is usually encountered in the environment in rous sulphatg1-5]. Zero- and divalent iron are evaluated
the oxidation states of (lll) and (VI) and is released by efflu- to be efficient reductants for technical removal processes and
ents discharged from electroplating, leather tanning, chemi- possibly for a subsurface soil remediation material as well
cal manufacturing, cooling systems etc. Since the hexavalent{6—10]. A number of iron based reductants such as ferrous
chromium is a very soluble and mobile species, highly toxic ion [11-17] ferrous-ions derived from hematite and biotite
and susceptible to be mutagen and carcinogen, itis considered18], various types of metallic irofil9—-26] iron sulphide
as a priority pollutant for soils and natural waters. In contrast, and pyrite[27-30] iron silicate slag31], green rus{32]
trivalent chromium, having a limited hydroxide solubilityand have been studied for the reduction of hexavalent chromium.
lower toxicity, is generally regarded as less dangerous pollu-  The lowering of detoxification cost of wastewater contain-
tant. As a consequence of the dramatic differences in physicaling hexavalent chromium requires the application of low-cost
and chemical properties of two chromium types and benign materials. Finding the cost effective reductants requires fur-
character of Cr(lll), the reduction of Cr(VI) alone may be therinvestigation in the use of natural materials such as cheap
considered as a satisfactory solution. However, subsequentiron(ll) bearing minerals. The use of siderite as a reductant
Cr(OH); precipitation is a complementary step of conven- for Cr(VI) removal from aqueous solution has not been sys-
tional chromium removal process. tematically investigated before. The objective of this study is
to assess the feasibility of using siderite as a low-cost mate-
rial for Cr(VI) removal. For this purpose, batch experiments
* Corresponding author. Tel.: +90 424 2370000; fax: +90 424 2415526, Were conducted to study the main parameters such as acid
E-mail addressmerdem@firat.edu.tr (M. Erdem). concentration, contact time, initial Cr(VI) concentration, re-

0304-3894/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2004.06.012



218 M. Erdem et al. / Journal of Hazardous Materials B113 (2004) 217-222

ductant dosage, temperature and particle size of siderite on6000). Chemical analysis of siderite was done by XRF spec-
the reduction of Cr(VI). trophotometer (Philips PW-2404).

For the determination of Fe(ll) content of siderite, a sam-
ple of 0.15 g was dissolved in a solution containing 20 ml of
25% (v/v) HCl and 15 ml of 102 M K»Cr,Oy7 in a carbon
2.1. Materials dioxide atmosphere to avoid oxidation to Fe(lll). The excess

of KoCrpO7 was determined by titration using a standard fer-

Siderite used in the study was provided from an iron mine, rous ammonium sulphate ((NjFe(SQ)2-6H20) solution.
Malatya (Turkey). After crushing, the visible impurities were In the reduction study, the concentration of Cr(VI) in the
removed by hand and then the sample was ground and sievegolutions was determined colorimetrically with 1.5-diphenyl
to obtain various fractions. The material fractionated was carbazide methof83] by using UV-1201V Model Shimadzu
stored in a tightly closed jar throughout the study. The frac- Spectrophotometer. The concentrations of total chromium
tion of <44pum was used in the study except for experiments and iron in the solutions were determined by atomic absorp-
where the effect of particle size was investigated. tion spectrophotometer (Perkin—Elmer, 370).

A stock solution of Cr(VI) (10g/l) was prepared by dis- The solution pH was measured using a Mettler Delta 350
solving K2Cr,0O7 (Merck, 4862) in distilled water. The work- ~ pH meter.
ing solutions were prepared by diluting the stock solution
with distilled water. Sulphuric acid was used to provide the
acidity required for the reduction of Cr(VI). Other reagents 3. Results and discussion
used in this study were of analytical grade.

2. Materials and methods

3.1. Characterization of Siderite

2.2. Experimental procedure
The chemical and mineralogical compositions of the

The experiments were carried out by using an orbital flask siderite are presented iFable 1 As seen, siderite contains
shaker (Selecta Rotabit Shaker) equipped with a tempera-92.45% Fe, 3.02% Mn, 4.75% Ca and 4.26% Mg as major el-
ture controller. 100 ml Cr(V1) solutions of desired concen- €ments. Varying amounts of other minor elements such as Al
tration were combined with varying amounts of siderite in a Zn, Siand S take place in the material. It was found that the
250 ml flasks. The reaction mixtures were shaken at 200 rpmFe(ll) content of siderite is 38.19%, which may correspond
at different temperature for contact times ranging from 5 to t0 79.11% as FeCg&in weight. XRD analysis of the sample
120 min. The amount of sulphuric acid to be added to the shows that it is composed mainly of siderite and secondary
working solutions was calculated with respect to stoichio- Of dolomite and hematite.
metric amount of Cr(VI) present in the solutions, by consid-
eringEq. (1) In addition, to determine reduction capacity of 3.2, Effects of acid concentration and contact time
the siderite, a 20 g siderite sample was successively treated

with 1000 ml of Cr(V1) solutions (50 mg-Cr(V1)/l) the acid In some studies dealing with Cr(V1) reduction, it has been
content of which is 2 stoichiometric amounts atZ5for dif- reported that the Cr(VI) reduction efficiency of reducing
ferent contact times until the reduction efficiency of siderite agent depends largely on amount of acid and reduction reac-
dropped at lower value than 10%. tion rapidly occurs at low pHE3,5,21,27,29] Starting from

these results, 50 mg/I Cr(VI) solution containing stoichiomet-

K2Crz07 + 6FeCQ + 13HSOs — Crz(SQy)s ric amount of acid was mixed with siderite in the dosage of

+ 3Fe(SOy)3 + 6CO; + KoSOy + 13H,0 20 g/l and a preliminary study was performed depending on
1
@ Table 1
At the end of predetermined contact period, reaction mixture Chemical and mineralogical compositions of siderite
was filtered and then the final pH of the filtrates was mea- Chemical composition Mineralogical composition
sured. A_ftgr the (_:r(VI) analysis was pgrformed, the filtrates constituent wiw (%) Mineral Formula
were gcujlfled with 1 ml of HN@ solutlon_to prevgnt the Fo 5045 Siderie FeCo
precipitation and analysed for total chromium and iron. Mn 302 Dolomite CaMg(CQ)s
The experiments were performed in duplicate and mean ca 475 Hematite F£03
values were taken into account. Mg 4.26
Al 0.39
. Zn 0.04
2.3. Methods of analysis Si 107
S 300 mg/kg

Mineralogical composition of siderite used in the study Cr.Pb,Ni, Zr,Cu,Sr  UDE
was determined by X-ray diffractometer (Shimadzu XRD- 2 UDL: under detection limits.
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Fig. 1. Effects of acid concentration and contact time on the Cr(VI) reduction (siderite dosage: 20 g/l; initial Cr(VI) concentration: 50 mgAtuesnpe
25°C).

contact time. The results show that the maximum Cr(VI) re- As seen fronfig. 1, the concentration of iron dissolved from
duction yield of 62.18% could be obtained at the end of the siderite increases with acid concentration. But, it decreases
contact period of 150 min. In order to obtain more effective with increasing contact time. This situation may be attributed
reduction yields, Cr(VI) solutions containing 1, 1.5 and 2 toanincreaseinthe final pH of the solutions, which is suitable
stoichiometric amount of acid were prepared and systematicto precipitate iron(lll) ions in the solution by hydrolyze.
Cr(VI) reduction experiments were performed.

Fig. 1 shows Cr(VI) reduction percentage, concentration 3-3. Effect of siderite dosage
of iron released from siderite, total chromium concentration
and final pH variations as a function of contact time and
amount of acid. The Cr(VI) reduction yield increases by con-
tact time and amount of acid. In the solutions containing 1.0
and 1.5 stoichiometric acid, Cr(VI) could not be completely

In order to determine the effect of the amount of siderite on
the Cr(VI) reduction, siderite dosage was taken in the range of
5-30 g/l and reduction experiments were performed for vari-
ous contact times. With increasing the siderite dosage from 5

reduced at the end of the contact period of 120 min. This tc_’ 30_9/" the reduction percentage of_Cr(VI_) _increases. But,
situation is, to a large extend, related to the amount of al- siderite dosages less than 15 g/l are insufficient to complete
kaline components in the material. Because, siderite used"adLICtlon of Cr(V1) within 120 minfig. 2). The reduction

in the study contains Ca and Mg in the form of dolomite percentage values for dosages of 20, 25 and 30 are close to
consumes acid by neutralizatio&d. (2). During the reduc- " each other. Therefore, it can be noted that a further increase
tion process, Cr(VI) reduction and neutralization simultane- in siderite dosage hilgher'than 209/l has a negllglble effect
ously take place and acid is consumed in these two reac-°" the Cr(V1) reduction. Final pH of the solutions measured
tions. However, Cr(VI) reduction is almost completed within atthe high siderite dosages shows that the acid consumption

120 min in the presence of 2.0 stoichiometric amount of rate is rather high. At the higher than 10 g/l siderite dosages,
solution pH increasing up to 4.7 causes to precipitate the

acid. L . i LT
ferric ions as ferric hydroxide. This situation can be clearly
seen from the decreasing iron concentration valtés @).
CaMg(C + 2H,SO; — CaS : o .
9(CQ), 2501 Q The concentration of total chromium in the treated solutions
+MgSQ4 4+ 2CO, + 2H,0 (2 shows a decreasing trend with increasing contact time and
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Fig. 2. Effect of siderite dosage on the Cr(VI) reduction depending on contact time (acid concentration: 2 stoichimetric amount; initial Ceiationc
50 mg/l; temperature: 25C) () 5g/l; (O): 10g/l; (O): 1549/l; (x): 20g/l; (A): 25 g/l; (@): 30 g/l).
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100 16 As process parameters were optimized for 50 mg/l initial
90 . | 14 Cr(VI) concentration and most effective reduction yield was
2 obtained for this concentration, further experiments were car-
S T2 2 ried out with the solution having 50 mg/! initial Cr(VI) con-
g 70 L0 2 centration.
2 <
g 60 L8 &
& < 3.5. Effect of temperature
g 504 F6 8
=
5 40 4 2
_ L4 8 . : .
Cr(VI) Reduction, % E" .F|g. 4 shows Cr(VI) redgctlon percentage, concentrat!on
30 - g reduced Cr(VI)/g siderite -2 of iron released from siderite, total chromium concentration
20 0 and final pH variations as a function of contact time and

temperature. As seen, reduction percentage of the Cr(VI) in-
creases by increasing temperature of the solution. In this case,
the contact time required to complete Cr(VI) reduction short-
Fig. 3. Effectofinitial Cr(Vl) concentration on the Cr(VI) reduction (siderite  €NS- For example, while all the Cr(VI) ions in the solution are
dosage: 20 g/l; acid concentration: 2 stoichiometric amount; contact time: reduced at 25C at the end of contact period of 120 min,
120 min; temperature: 2%). each raise of 10C in the temperature shortens the contact

time required about 30 min for a complete reduction. It can be

dosage. This decreasing may be due to adsorption onto bothyqncjuded that the reduction process of Cr(V1) by the siderite
siderite and ferric hydroxide formed. is endothermic.

0 100 200 300 400 500 600 700 800
Initial Cr(VI) Concentration, mg/1

While the concentrations of total chromium and iron in the
solutions decrease with increasing temperature and contact
time, the final pH of the solutions increases.

3.4. Effect of initial Cr(VI) concentration

The effect of initial Cr(VI) concentration on the reduction
yield was investigated by treating 2 g of siderite with 100 ml ) )
Cr(V1) solution having different initial concentrations in the 3-6- Effect of particle size
range of 20—700 mg-Cr(VI)/Il. The results obtained are pre-
sented irFig. 3. The maximum reduction efficiency (100%) The influence of particle size on the Cr(VI) reduction
was obtained only for 50 mg/I within 120 min of contacttime. was determined for 11 siderite particle size ranges from
The reduction percentages for Cr(VI) solutions having ini- 1200-60Qum (16—30 mesh) to <4dm (<325 mesh) by treat-
tial concentration values higher and lower than 50 mg/l de- ing the 50 mg/l Cr(VI) solutions containing 2 stoichiomet-
clined. However, the amount of the Cr(VI) reduced per gram ric amount of acid with siderite in the dosage of 209/l at
of siderite increases with increasing the initial concentration. 25°C for a contact time of 120 min. Cr(VI) reduction effi-
Since amount of acid added to the solution was determinedciency increases with decreasing in particle size of siderite
with respect to the Cr(VI) content of the solution, for the so- (Fig. 5. The reduction percentage of Cr(VI) increases from
lution containing lower Cr(VI), it can be said that the acidity 78 to 100% with the decrease of siderite particle size rang-
of the medium is insufficient. It is evident that alkaline con- ing from 1000-500 to 75-53m (16-30 to 200-270 mesh),
stituent of the material such as dolomite concurrently con- thereafter reduction efficiency increases slightly. Under the
sumes acid. On the contrary, when the solutions having highinvestigated experimental conditions, particles smaller than
Cr(VI) concentrations was used, this time, siderite dosage 200 mesh (<7%.) is sufficient to reduce all Cr(VI) ions in a

may become insufficient within selected contact time. relatively short contact time.
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Fig. 4. The variation of Cr(VI) reduction percentage with temperature and contact time (siderite dosage: 20 g/l; initial Cr(VI) concentratilnasidmg
concentration: 2 stoichiometric amount).



M. Erdem et al. / Journal of Hazardous Materials B113 (2004) 217-222 221

120 3.8 (50mg/l) and acid content (2 stoichiometric amount), ade-
1356 guate volume of acidic stock Cr(VI) solution was added to
- 101 *1 34 the mixture and same procedure was repeated until the reduc-
g tion efficiency of siderite dropped at lower value than 10%.
e Y% T The results obtained are shownFigy. 6.
- 60 4 T30 & In the first two reduction steps, Cr(VI) ions in the solu-
i ¢ +28 = tion are completely reduced. Thereafter, the Cr(VI) reduc-
% ; 40 126 tion yield of siderite decreases. At the end of the 8th reduc-
©s ¥ Cr(VD) Reduction, % S+ 2.4 tion step, it falls up to 8.96%. When the cumulative amount
20 4 —$—Total Cr Concen. 1, of Cr(VI) reduced is calculated, it is found that the Cr(VI)
. —e—pHf 20 reduction capacity of the siderite is about 17 mg-Cr(VI1)/g

siderite. In spite of the fact that theoretical reduction capac-

22288888888 . e .
R S B B R N X ity of the siderite used is 236 mg-Cr(VI)/&¢. (2), the ob-
TR 8 &8 F R EER served reduction capacity of the siderite is very low. This can

be attributed to alkaline components of the siderite. In our
previous studies, related to Cr(VI) reduction by pyf&],
Fig. 5. Effect of particle size on the Cr(V1) reduction (siderite dosage: 20 g/l; copper smelter sla@1] and synthetic iron sulphid@9], the
initial Cr(VI) concentration: 50 mg/l; acid concentration: 2 stoichiometric  Cr(VI) reduction capacities of these materials were found
amount; contact time: 120 min; temperature=23. to be 42.5, 76.5 and 238 mg-Cr(VI)/g at similar conditions,

. i . respectively.
On the other hand, iron content of reduced solutions in-

creases with decreasing particle size up to the fraction of
140-170 mesh, thereafter a decrease is observed probabl
due to the increase in pH. At pHs higher than 2, formed ferric

ions can precipitate as Fe(O4y hydrolysing. Dark brown Taking into consideration results obtained from this study

colour of solid separated confirms this phenomenon. HOW- \here the effects of acid concentration, siderite dosage, initial
ever, reduced iron content may be evaluated as an advantag&r(w) concentration, temperature and particle size on the

for the reduction process, since Fe(lll) and Cr(lll) will be Cr(VI) reduction in the aqueous solution by using siderite
removed by precipitation in subsequent step of treatment. a4 investigated, the following conclusions may be drawn.
The Cr(VI) reduction efficiency of the siderite was found
3.7. Reduction capacity of siderite to be strongly depended on acid content of the solution. The
maximum Cr(VI) reduction yield for 50 mg/l initial con-
To determine the reduction capacity of siderite, a certain centration is obtained in the presence of 20 g/l siderite for
amount of siderite was subjected to successive reduction ex-120 min when 2 stoichiometric amount of acid is used with
periments. For this purpose, a 20 g of siderite and one liter of respect to Cr(V1).
50 mg/l Cr(VI) solution containing 2 stoichiometric amount By the increasing temperature, the Cr(VI) reduction yield
of H2SO4 was mixed. The mixture was shaken at 200 rpm jncreases and the contact time required for a complete reduc-
for contact time ranging from 15 to 120 min. At the end of tjon shortens.
predetermined contact time, a 10 ml aliquot was withdrawn  The reduction percentage of Cr(VI) increases with the
and immediately filtered and analysed for Cr(VI). Atthe end decreasing in siderite particle size. The siderite fractions
of each 120 min, to provide same Cr(VI) concentration value smaller than 200 mesh is sufficient to reduce all Cr(VI) ions

Particle Fraction, mesh

¥. Conclusion
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Fig. 6. The results of the successive experiments carried out to determine the reduction capacity of siderite (siderite dosage: 20 g/I; Jritbab@nfvétion:
50 mg/l; acid concentration: 2 stoichiometric amount; temperatureC25
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in the solution at the conditions of initial Cr(VI) concentra- [14] 1.J. Buerge, S.J. Hug, Influence of mineral surfaces on chromium(VI)
tion: 50 mg/l; amount of acid: 2 stoichiometric; contact time: reduction by iron(ll), Environ. Sci. Technol. 33 (1999) 4285-4291.

120 min: adsorbent dosage. 20 g/| and temperature€25 [15] D.L. Sedlak, P.G. Chan, Reduction of hexavalent chromium by fer-
’ : rous iron, Geochim. Cosmochim. Acta 61 (1997) 2185-2192.

The reductlon.cap'acny of siderite was calculated as about[m] M. Pettine, L. D'Ottone, L. Campanella, F.J. Millero, R. Passino,
17 mg-Cr(VI)/g siderite. The reduction of chromium(IV) by iron(ll) in aqueous solutions,
The experimental results shows that the Cr(VI) in aqueous Geochim. Cosmochim. Acta 62 (1998) 1509-1519.
solution can be reduced by using siderite. This reduction pro-[17] M.A. Schlautman, I. Han, Effects of pH and dissolved oxygen on

cess may be applied to metal plating wastewater containing the reduction of hexavalent chromium by dissolved ferrous iron in
poorly buffered aqueous systems, Water Res. 35 (2001) 1534-1546.

Cr(V1) and high amounts of acid. [18] L.E. Eary, D. Rai, Kinetics of chromate reduction by ferrous-ions
derived from hematite and biotite at 2&, Am. J. Sci. 289 (1989)
180-213.
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