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was investigated in continuous system, using long-term column 
experiments, for aqueous Cr(VI) solutions having low buffering 
capacities, over the Cr(VI) concentration range of 5 – 40 mg/L. The 
results showed that the initial Cr(VI) concentration significantly 
affects the reduction capacity of scrap iron. Maximum reduction 
capacity of scrap iron was observed at the beginning of the column 
experiments; the lower the Cr(VI) concentration, the greater the 
experiment duration with maximum scrap iron reduction capacity. 
However, due to passivation of active surface, scrap iron reduction 
capacity continuously decreased in time, especially after Cr(VI) 
breakthrough. The experimental results showed that highest 
reduction capacity recorded until Cr(VI) breakthrough was 22.8 mg 
Cr(VI)/g scrap iron, at CI = 5 mg/L, and decreased with increasing 
Cr(VI) concentration. In order to assure total reduction of greater 
Cr(VI) concentrations for a longer period of time, either the mass of 
scrap iron filling, or the hydraulic retention time should be increased. 
 

Keywords—hexavalent chromium, heavy metals, scrap iron, 
reduction capacity, wastewater treatment.  

I. INTRODUCTION 
HE presence of heavy metals in the environment has 
increased in last decades to levels which threaten the 
health of both aquatic and terrestrial organisms. Metals 

environmental contaminants are particularly problematic 
because, unlike most organic contaminants, they do not 
undergo degradation. Chromium is a major heavy metal 
pollutant of aquatic environments which is released mainly 
from industrial processes (leather tanning, electroplating, 
textile dying, metallurgy, wood preserving etc.) as a result of 
unsuitable storage, leakages or improper disposal practices 
[1]. In the environment, chromium is commonly found in two 
most stable oxidation states, Cr(III) and Cr(VI). The chemical 
behavior, toxicity and bioavailability of chromium for this two 
valences is quite different [1,2]. Hexavalent chromium 
compounds readily penetrate cell membranes via anion 
transport systems, an, therefore, they are known to be toxic to 
humans, animals, plants and microorganisms [3]-[8]. Besides 
the harmful effects to living organisms, Cr(VI) also 
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accumulate throughout the food chain and may affect human 
beings [2]. Because of its significant mobility in the 
subsurface environment, the potential risk of groundwater 
contamination is high [9]. Trivalent chromium, on the other 
hand, has a low solubility, being readily immobilized by 
precipitation under alkaline or even slightly acidic conditions 
[10]. Because trivalent chromium compounds does not 
resemble any biological nutrient, they do not have the capacity 
to cross cell membranes easily; therefore their toxicity is 
generally considered 500 to 1000 times less to a living cell 
than hexavalent chromium [3]. Moreover, Cr(III) is a 
necessary trace element of the human body, that plays an 
important role in carbohydrates, lipids, proteins and minerals 
metabolism [11]; however, excessive intake of Cr (III) may 
also have toxic effects [12]. Hence, it’s obvious that Cr(VI) is 
chromium most dangerous oxidation state for the health of 
natural ecosystems and also for the human health. Thus, 
removal of Cr(VI) is an essential pollution abatement process 
that should be applied to all industrial effluents that contain 
this contaminant before their discharge to the natural water 
bodies. At present, there are known several methods for 
Cr(VI) removal from polluted waters: reduction followed by 
chemical precipitation, ion exchange, adsorption, membrane 
separation, electrokinetic remediation, reverse osmosis, 
bioremediation [13]. Because of the differences between 
Cr(VI) and Cr(III), the conventional procedure currently used 
to treat Cr(VI) contaminated waters consist in the reduction of 
Cr(VI) to Cr(III) followed by precipitation of Cr(III) [14], 
process that has also the advantage of simplicity. The reducing 
agents commonly used for Cr(VI) are: ferrous sulfate, sulfur 
dioxide, sodium sulfite, sodium bisulfite, sodium 
metabisulfite, sodium thiosulfate [13]. However, in last 
decades, there has been important interest in using low-cost 
materials [15]-[18] or even waste materials [19]-[21] that can 
substitute traditional Cr(VI) reducing agents. Therefore, as a 
continuation of our previous work [22], the aim of this study 
was to explore the possibility of reducing Cr(VI) to Cr(III) by 
use of scrap iron, a cheap and locally available industrial 
waste, and to investigate the effect of Cr(VI) concentration on 
scrap iron capacity to reduce Cr(VI) in continuous system 

II. MATERIALS AND METHODS 
Column experiments were carried out using scrap iron 

shavings that pass trough 2.5 mm and remain on 1.25 mm 
screen, originated from ”SPM” metals processing laboratory, 
at the “Politehnica” University of Timisoara. Hexavalent 
chromium stock solution (10 g/L) was prepared by dissolving 
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28.29 g K2Cr2O7 in 1000 mL of distilled deionised water; feed 
solutions of the desired initial Cr(VI) concentration (5, 10, 20, 
and 40 mg/L) were prepared by diluting the stock solution. 
These concentrations were selected because they are within 
the range of relevant concentrations for electroplating 
wastewaters [23]. Concentrated H2SO4 was used for adjusting 
pH of the feed solution at 2.5; this value was selected because 
it was found, in our previous work [24], to be the optimum pH 
for reduction of Cr(VI) with scrap iron in continuous system. 
All chemicals used were of AR grade. Reduction experiments 
were conducted by using a glass column (inner diameter: 2.00 
cm; height: 12.00 cm) with a porous plate at the bottom. The 
column was packed with 30 g scrap iron and Cr(VI) aqueous 
solution was passed through the column, from the bottom to 
the top, by using a Ismatec IP08 peristaltic pump. To remove 
traces of chromium and iron, the column was soaked in HCl 
35% and washed with distilled deionized water before each 
experiment. The scrap iron mass (30g), feed solution pH (2.5) 
and the pumping rate (0.3 L/hour) were held constant 
throughout the study. Column effluent samples were 
withdrawn at regular time intervals for Cr(VI) concentration 
analysis. All experiments were performed at room temperature 
(24oC), in a background electrolyte mixture (50 ppm Ca2+; 20 
ppm Mg2+; 128 ppm Cl-; 104 ppm Na+; 293 ppm HCO3

-) to 
maintain a constant ionic strength.  

Hexavalent chromium was detected by the 1,5-
diphenylcarbazide colorimetric method [25]. In acidic 
solutions, Cr(VI) forms a purple complex in the presence of 
1,5-diphenylcarbazide; the concentration of Cr(VI) was 
calculated from the absorbance of the purple complex at 540 
nm, using a Jasco V 530 spectrophotometer. The pH of 
solutions was measured using an Inolab pH-meter. 

III. RESULTS AND DISCUSSION  
In this study, the total duration of the column experiment was 
divided in 24 hours time units; the mass of reduced Cr(VI) 
(MCr(VI)) and the reduction capacity of scrap iron (RCSI) were 
calculated, for each time unit, as follows: 
      

243.0)()( ⋅⋅−= EIVICr CCM  (mg)         (1) 
 

SI

VICr
SI M

M
RC )(=  (mg Cr(VI)/g scrap iron)     (2) 

where: CI (mg/L) is the inlet Cr(VI) concentration, CE (mg/L) 
is the average Cr(VI) concentration in column effluent during 
the 24 hour time unit, 0.3 (L/h) is the volumetric inflow rate, 
24 (h) is the duration of one time unit, and MSI (g) is the mass 
of scrap iron filling (30 g).  
 
The total mass of reduced Cr(VI) (TMCr(VI)) during the column 
experiment was calculated according to: 

∑
=

=
n

i

i
VICrVICr MTM

1
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where n is the number of time units of the column experiment. 
 

From Eq. (1) it can be seen that, during a 24 hour time unit, 
the theoretical maximum value of MCr(VI) (which can be 
achieved only if CE = 0 mg/L and the volumetric inflow rate 
and the inlet Cr(VI) concentration are maintained constant) 
depends on the inlet Cr(VI) concentration, as presented in 
Table 1. 

 
 
Similarly, from Eq. (2) it can be observed that, during a 24 
hour time unit, the theoretical maximum value of RCSI can be 
achieved only if MCr(VI) has reached to its maximum value, 
and the mass of scrap iron filling is maintained constant at the 
above mentioned value, as shown in Table 1. 

Experiments carried out at CI = 5 mg/L have shown that 
Cr(VI) was not detected in column effluent during the first 19 
time units, as can be seen from Fig. 1. Therefore, the theoretical 
maximum RCSI value (1.2 mg Cr(VI)/g scrap iron) and the 
theoretical maximum MCr(VI) value (36 mg) were achieved 
during the first 456 hours of the experiment, when Cr(VI) was 
totally reduced. Hexavalent chromium breakthrough in column 
effluent occurred during the 20st time unit, as a result of scrap 
iron surface passivation. Despite the low pH, the passivation 
process could take place due to formation of iron and chromium 
solid species on the scrap iron surface, as reported by several 
previous studies conducted under strong acidic conditions (pH 
= 1.5-3.6) [26]-[30]. The passivating layer may act as electric 
insulator, occluding the iron surface and inhibiting thus the 
electron transfer to Cr(VI). After Cr(VI) breakthrough, RCSI 
and MCr(VI) continuously decreased in time during the column 
experiment, more significant at the beginning and less 
noticeable at the end of the column experiment, as presented in 
Figs. 1 and 2. Beside decreasing the RCSI and MCr(VI), the 
passivation of scrap iron surface also leads to a continuously 
increase of average Cr(VI) concentration in column effluent, as 
presented in Fig. 1. However, the value of TMCr(VI) 
continuously increased in time up to 1076 mg at the end of 
experiment, as presented in Fig.3. Nevertheless, an important 
factor that must be considered in the development of a long-
term column Cr(VI) reduction process, is the value of TMCr(VI) 
recorded until the moment of Cr(VI) breakthrough. At CI = 5 
mg/L, the TMCr(VI) recorded up to the 19st time unit, when 
Cr(VI) was not detected in column effluent, was 666 mg. The 
column experiment at CI = 5 mg/L was considered completed 
after 34 time units, when RCSI and MCr(VI) reached to a steady-
state value of approximately 0.74 mg Cr(VI)/g scrap iron and 
22 mg, respectively (Figs. 1 and 2). The scrap iron reduction 
capacity, calculated up to the moment of Cr(VI) breakthrough, 
was 22.8 mg Cr(VI)/g scrap iron. 

 
 

TABLE I 
THEORETICAL MAXIMUM  MCR(VI) AND RCSI  VALUES 

CI MCR(VI) RCSI 

5 36 1.2 
10 72 2.4 
20 144 4.8 
40 288 9.6 
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Fig. 1 Scrap iron reduction capacity (RCSI) and average Cr(VI) 
effluent concentration vs. time, at Cr(VI) inlet concentration = 5 mg/L 
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Fig. 2 Mass of reduced Cr(VI) (MCr(VI)) vs. time, at Cr(VI) inlet 

concentration = 5 mg/L 
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Fig. 3 Total mass of reduced Cr(VI) (TMCr(VI)) vs. time, at Cr(VI) 

inlet concentration = 5 mg/L 
 
 
 

At CI = 10 mg/L, the column effluent was free of Cr(VI) 
during the first eight time units of the experiment, as shown in 
Fig. 4. Therefore, the maximum RCSI value (2.4 mg Cr(VI)/g 
scrap iron) and maximum MCr(VI) value (72 mg) were recorded 
during the first 192 hours of the column experiment, as 
presented in Figs. 4 and 5. Thereafter, Cr(VI) breakthrough in 
column effluent occurred as a result of scrap iron surface 
passivation; this process leaded to a continuously decrease in 
time of RCSI and of MCr(VI) until the end of experiment. The 
value of TMCr(VI) continuously increased in time up to 1131 mg 
at the end of experiment, as presented in Fig. 6. Anyway, the 
TMCr(VI) recorded until the moment of Cr(VI) breakthrough was 
576 mg, less than at CI = 5 mg/L. The column experiment at CI 
= 10 mg/L was considered completed after nineteen time units, 
when the RCSI and the MCr(VI) reached to a steady-state value of 
approximately 1.3 mg Cr(VI)/g scrap iron and 39 mg, 
respectively (Figs. 4 and 5). The scrap iron reduction capacity, 
calculated up to the moment of Cr(VI) breakthrough, was 19.2 
mg Cr(VI)/g scrap iron. 
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Fig. 4 Scrap iron reduction capacity (RCSI) and average Cr(VI) 

effluent concentration vs. time, at Cr(VI) inlet concentration = 10 
mg/L 
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Fig. 5 Mass of reduced Cr(VI) (MCr(VI)) vs. time, at Cr(VI) inlet 

concentration = 10 mg/L 
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Fig. 6 Total mass of reduced Cr(VI) (TMCr(VI)) vs. time, at Cr(VI) inlet 

concentration = 10 mg/L 
 

The experimental results obtained at CI = 20 mg/L show that 
Cr(VI) was completely reduced only during the first nine hours 
of the column experiment (data not shown). As a result, at CI = 
20 mg/L, the theoretical maximum values of RCSI (4.8 mg 
Cr(VI)/g scrap iron) and MCr(VI) (144 mg) were not recorded 
(Figs. 7 and 8), even if at the beginning of the column 
experiment the scrap iron was still unaffected by passivation. 
Actually, the highest values observed during the first time unit 
for RCSI (3.9 mg Cr(VI)/g scrap iron) and MCr(VI) (119 mg) 
represented only 81.2 and 82.6 %, respectively, from the 
theoretical maximum values. As a result, Cr(VI) was detected 
in the column effluent starting from the first time unit, and its 
concentration continuously increased in time due to scrap iron 
surface passivation, as presented in Fig.7. RCSI and MCr(VI) also 
continuously decreased in time, more significant at the 
beginning and almost negligible at the end of the column 
experiment. Despite scrap iron passivation and MCr(VI) decrease, 
the value of TMCr(VI) continuously increased in time up to 568 
mg at the end of experiment, as presented in Fig.9. However, 
the TMCr(VI) recorded until the moment of Cr(VI) breakthrough 
was only 54 mg, then time lower than at CI = 10 mg/L.  
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Fig. 7 Scrap iron reduction capacity (RCSI) and average Cr(VI) 

effluent concentration vs. time, Cr(VI) inlet concentration = 20 mg/L 
 

0

20

40

60

80

100

120

140

1 2 3 4 5 6 7 8 9 10 11
Column experiment time unit

M
as

s 
of

 re
du

ce
d 

C
r(

VI
) (

m
g)

 
Fig. 8 Mass of reduced Cr(VI) (MCr(VI)) vs. time, at Cr(VI) inlet 

concentration = 20 mg/L 
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Fig. 9 Total mass of reduced Cr(VI) (TMCr(VI)) vs. time, at f Cr(VI) 

inlet concentration = 20 mg/L 
 
The column experiment at CI = 20 mg/L was considered 

completed after eleven time units, when RCSI and MCr(VI) 
reached to a steady-state value of approximately 0.86 mg 
Cr(VI)/g scrap iron and 26 mg, respectively (Figs. 7 and 8). 
The scrap iron reduction capacity, calculated up to the moment 
of Cr(VI) breakthrough, was 1.8 mg Cr(VI)/g scrap iron. 

At CI = 40 mg/L, just like at CI = 20 mg/L, the theoretical 
maximum values of RCSI (9.6 mg Cr(VI)/g scrap iron) and 
MCr(VI) (288 mg) were not recorded (Figs. 10 and 11), even 
during the first time unit. In this case, the Cr(VI) reduction 
efficiency was lower than at CI = 20 mg/L, total reduction being 
observed only during first three hours of the column experiment 
(data not shown). As a result, the highest values observed 
during the first time unit for RCSI (7.4 mg Cr(VI)/g scrap iron) 
and MCr(VI) (223 mg) represented only 70.1 and 77.4 %, 
respectively, from the theoretical maximum values. Cr(VI) 
breakthrough occurred thus at CI = 40 mg/L starting from the 
first time unit, and its concentration continuously increased in 
time (due to scrap iron surface passivation), as presented in 
Fig.10. RCSI and MCr(VI) also continuously decreased in time, 
more significant at the beginning and almost negligible at the 
end of the column experiment. The value of TMCr(VI) 
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continuously increased in time up to 694 mg at the end of 
experiment, as presented in Fig.12. However, the TMCr(VI) 
recorded until the moment of Cr(VI) breakthrough was only 36 
mg, less than at than at CI = 20 mg/L.  
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Fig. 10 Scrap iron reduction capacity (RCSI) and average Cr(VI) 

effluent concentration vs. time, at Cr(VI) inlet concentration = 40 
mg/L 
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Fig. 11 Mass of reduced Cr(VI) (MCr(VI)) vs. time, at Cr(VI) inlet 

concentration = 40 mg/L 
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Fig. 12 Total mass of reduced Cr(VI) (TMCr(VI)) vs. time, at Cr(VI) 

inlet concentration = 40 mg/L 
 

The column experiment at CI = 40 mg/L was considered 
completed after nine time units, when RCSI and MCr(VI) reached 
to a steady-state value of approximately 0.82 mg Cr(VI)/g scrap 
iron and 24 mg, respectively (Figs. 10 and 11). The scrap iron 
reduction capacity, calculated up to the moment of Cr(VI) 
breakthrough, was 1.2 mg Cr(VI)/g scrap iron. 
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Fig. 13 Scrap iron reduction capacity recorded until Cr(VI) 

breakthrough, at different initial feed solution concentrations 
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Fig. 14 Total mass of reduced Cr(VI) (TMCr(VI)) recorded until Cr(VI) 

breakthrough, at different initial feed solution concentrations 
 

IV. CONCLUSION 
Hexavalent chromium is highly toxic to most living 

organisms and a known human carcinogen by the inhalation 
route of exposure. Therefore, treatment of Cr(VI) 
contaminated wastewater is essential before their discharge to 
the natural water bodies. Cr(VI) reduction to Cr(III) can be 
beneficial because a more mobile and more toxic chromium 
species is converted to a less mobile and less toxic form. This 
work indicate that reduction capacity of scrap iron is directly 
dependent on the initial Cr(VI) concentration. Over the 
concentration range of 5 – 40 mg/L, the theoretical maximum 
RCSI increased with increasing Cr(VI) concentration (Table 
1). However, the theoretical maximum RCSI and MCr(VI) were 
recorded only for initial Cr(VI) concentrations of 5 and 10 
mg/L, which may suggest that the mass of the scrap iron 
filling used in this study was not enough for the treatment of 
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solutions with Cr(VI) concentration greater than 10 mg/L. The 
total scrap iron reduction capacity and TMCr(VI) recorded until 
the moment of Cr(VI) breakthrough followed the order: 5 
mg/L  > 10 mg/L > 20 mg/L > 40 mg/L (Figs. 13 and 14). 
Since better reduction capacities were observed under low 
Cr(VI) concentration conditions, this wastewater treatment 
process may be readily used especially in the treatment of 
diluted wastewaters. However, with increasing Cr(VI) 
concentration, either the mass of scrap iron used as column 
filling, or the hydraulic retention time should be increased, in 
order to assure total reduction of Cr(VI) for a longer period of 
time. 

REFERENCES   
[1] J. Barnhart, ”Occurrences, uses and properties of chromium,” Regul. 

Toxicol. Pharmacol., vol. 26, 1997, pp. s3–s7. 
[2] D. E. Kimbrough, Y. Cohen, and A. M. Winer, ”A critical assessment of 

chromium in the environment,” Crit. Rev. Environ. Sci. Technol. vol. 29, 
1999, pp. 1-46. 

[3] M. Costa, “Potential hazards of hexavalent chromate in our drinking 
water,” Toxicol. Appl. Pharmacol., vol. 188, 2003, pp.1-5. 

[4] R. Shrivastava, R. K. Upreti, P. K. Seth, and U. C. Chaturvedi, “Effects 
of chromium on the immune system,” FEMS Immun.Medical Microbiol., 
vol. 34, 2002, pp. 1-7. 

[5] T. J. Naimo, “A review of the effects of heavy metals on freshwater 
mussels,” Ecotoxicol., vol. 4, 1995, pp. 341-362. 

[6] D. Bagchi, S. J. Stohs, and B. W. Downs, “Cytotoxicity and oxidative 
mechanisms of different forms of chromium,” Toxicol., vol 180, 2002, 
pp. 5-22. 

[7] M. Cieslak-Golonka, “Toxic and mutagenic effects of chromium(VI). A 
review,” Polyhedron, vol. 15, 1995, pp. 3667-3689. 

[8] M. D. Cohen, B. Kargacin, and C. B. Klein, “Mechanisms of chromium 
carcinogenicity and toxicity,” Crit. Rev. Toxicol., vol. 23, 1993, pp. 255-
281. 

[9] F. C. Richard, and A. C. M. Bourg, “Aqueous geochemistry of 
chromium: a review,” Wat. Res., vol. 25, 1991, pp. 807-816. 

[10] D. Rai, B. M. Sass, and D. A. Moore, “Chromium(III) hydrolysis 
constants and solubility of chromium(III) hydroxide,” Inorg. Chem., vol. 
26, 1987, pp. 345-349. 

[11] C. Veillon, “Analytical chemistry of chromium”. Sci. Total Environ., 
vol. 86, 1989, pp. 65-68. 

[12] M. D. Stearns, M. S. Silveira, and K. K. Wolf, “Chromium(III) 
tris(picolinate) is mutagenic at the hypoxanthine (guanine) 
phosphoribosyltransferase locus in Chinese hamster ovary cells,” 
Mutat.Res., vol. 513, 2002, pp. 135-142. 

[13] M. Gheju, Chromium and the environment, Timisoara: Politehnica 
Publishing House, 2005, pp.99-234. 

[14] L. E. Eary, and D. Rai, “Chromate removal from aqueous wastes by 
reduction with ferrous iron,” Environ. Sci.Technol., vol. 22, 1988, pp. 
972-977. 

[15] M. Mullet, S. Boursiquot, J. J. Ehrhardt, “Removal of hexavalent 
chromium from solutions by mackinawite, tetragonal FeS,” Coll. Surf. A: 
Physicochem. Engineer. Aspects, vol. 244, 2004, pp. 77-85. 

[16] R. R. Patterson, S. Fendorf, and M. Fendorf, “Reduction of hexavalent 
chromium by amorphous iron sulfide,” Environ. Sci. Technol., vol. 31, 
1997, pp. 2039-2044. 

[17] J. Kim, P. K. Jung, H. S. Moon, and C. M. Chon, “Reduction of 
hexavalent chromium by pyrite-rich andesite in different anionic 
solutions,” Environ. Geol., vol. 42, 2002, pp. 642-648. 

[18] J. N. Anderson, B. A. Bolto, and L. A. Pawlowski, “A method for 
chromate removal from cooling tower blowdown water,” Nucl.Chem. 
Waste Manag., vol. 5, 1984, pp. 125-129. 

[19] H.S. Altundogan, A.F. Ozer, and F. Tumen, “A study on the reduction of 
hexavalent chromium in aqueous solutions by vinasse,” Environ. 
Technol., vol. 25, 2004, pp. 1257-1263. 

[20] N. Daneshvar, D. Salari, and S. Aber, “Chromium adsorption and Cr(VI) 
reduction to trivalent chromium in aqueous solutions by soya cake,” J. 
Hazard. Mater., vol. B97, 2002, pp. 49-61. 

[21] M. Gheju, and A. Iovi, “Kinetics of hexavalent chromium reduction by 
scrap iron,” J. Hazard. Mater., vol. B135, 2006, pp. 66-73. 

[22] M. Gheju, and R. Pode, “Removal of hexavalent chromium from 
wastewater by use of scrap iron,” International Conference on Energy, 
Environment, Sustainable Development, Paris, France, June 28-30, 
2010, W.A.S.E.T., vol. 66, 2010, pp. 1244-1249. 

[23] J. Ye, H. Yin, B. Mai, H. Peng, H. Qin, B. He, and N. Zhang, 
“Biosorption of chromium from aqueous solution and electroplating 
wastewater using mixture of Candida lipolytica and dewatered sewage 
sludge,” Biores. Technol., vol. 101, 2010, pp.  3893-3902. 

[24] M. Gheju, A. Iovi, and I. Balcu, “Hexavalent chromium reduction with 
scrap iron in continuous-flow system. Part 1: Effect of feed solution 
pH,” J. Hazard. Mater., vol. 153, 2008, pp. 655-662. 

[25] APHA, AWWA, WEF, Standard methods for the examination of water 
and wastewater, 19th Edition, Baltimore: United Book Press, Inc., 1995, 
pp. 3.59-3.60. 

[26] S.-S. Chen, C.-Y. Cheng, C.-W. Li, P.-H. Chai, and Y.-M. Chang, 
“Reduction of chromate from electroplating wastewater from pH 1 to 2 
using fluidized zero valent iron process,” J. Hazard. Mater., vol. 142, 
2007, pp. 362-367. 

[27] S.-S. Chen, B.-C. Hsu, and L.-W. Hung, “Chromate reduction by waste 
iron from electroplating wastewater using plug flow reactor,” J. Hazard. 
Mater., vol. 152, 2008, pp. 1092-1097. 

[28] L.-Y. Chang, “Chromate reduction in wastewater at different pH levels 
using thin iron wires - a laboratory study,” Environ. Progr., vol 24, 
2005, pp. 305-316. 

[29] M.A. Olazabal, N. Extebarria, L.A. Fernandez, and J.M. Madariaga, 
„Study of the complexation and precipitation equilibria in the system 
Cr(VI)-Fe(III)-H2O,” J. Solution Chem., vol. 23, 1994, pp. 1111-1123. 

[30] M.A. Olazabal, N.P. Nikolaidis, S.A. Suib, and J.M. Madariaga, 
“Precipitation equilibria of the chromium(VI)/iron(III) system and 
spectrospcopic characterization of the precipitates,” Environ. Sci. 
Technol., vol. 31, 1997, 2898-2902. 

 
 


