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The role of pH on Cr(VI) Reduction and
Removal by Arthrobacter Viscosus

B. Silva, H. Figueiredo, I. C. Neves, and T. Tavares

Abstract—Arthrobacter viscosus biomass was used for Cr(VI)
biosorption. The effect of pH on Cr(VI) reduction and removal from
aqueous solution was studied in the range of 1-4. The Cr(VI) removal
involves both redox reaction and adsorption of metal ions on biomass
surface. The removal rate of Cr(VI) was enhanced by very acid
conditions, while higher solution pH values favored the removal of
total chromium. The best removal efficiency and uptake were
reached at pH 4, 72.5 % and 12.6 mgc,/ghiomass> respectively.
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[. INTRODUCTION

EAVY metals released into the environment have been

increasing continuously as a result of several industrial
activities. This causes a significant hazard to human health
and to the environment, because of their toxicity,
accumulation in the food chain, and persistence in nature [1].

Among the different heavy metals, chromium is one of the
most toxic pollutants. This metal is introduced into natural
waters through various industrial activities, such as steel
production, electro-plating, leather tanning, textile industries,
wood preservation, anodizing of aluminum, water-cooling and
chromate preparation [2].

The two typical oxidative states of chromium in the
environment are hexavalent, Cr(VI), and trivalent, Cr(III).
These two oxidation states have widely contrasting toxicity
and transport characteristics: hexavalent chromium is more
toxic, with high water solubility and mobility, while trivalent
chromium is less soluble in water, less mobile and less
harmful [3-5]. Depending on the solution pH values, Cr(VI)
species may be in the form of dichromate (Cr,0/%),
hydrochromate (HCrOy), or chromate (CrO,”) and Cr(III)
species may take the form of hydrated trivalent chromium,
Cr(H20)63+, and  chromium  hydroxide  complexes,
Cr(OH)(H,0)s>" or Cr(OH),(H,0),". Due to the repulsive
electrostatic interactions, Cr(VI) anion species are generally
poorly adsorbed by the negatively charged soil particles and
can move freely in the aqueous environments. In contrast,
Cr(IIT) species normally carry positive electric charges and
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therefore can be easily adsorbed on the negatively charged
soil particles [6-7].

The conventional methods for heavy metal removal from
industrial effluents are precipitation, coagulation, ion
exchange, cementation, electro-dialysis, electro-winning,
electro-coagulation and reverse osmosis [8]. However, these
processes have significant disadvantages such as incomplete
metal removal, high reagent or energy requirements,
generation of toxic sludge or other waste products and are
generally very expensive when the contaminant
concentrations are in the range 10—-100 mg/L [9]. Due to these
limitations, cost effective technologies or sorbents for
treatment of metals contaminated waste streams are needed.

Biosorption of heavy metals by microbial cells has been
studied extensively as an alternative technology for the
treatment of wastewaters. It is a promising process that can
reduce capital costs by 20%, operational costs by 36% and
total treatment costs by 28%, compared with conventional
systems [10]. Biosorption is generally defined as the
accumulation of metals by biological materials without active
uptake and can be considered as a collective term for a
number of passive accumulation processes which may include
ion exchange, coordination, complexation, chelation,
adsorption and microprecipitation [11]. The applicability of
bacteria as biosorbents has some advantages due to their small
size, their ubiquity, their ability to grow under controlled
conditions and their resilience to a wide range of
environmental situations [12]. Numerous studies have
demonstrated a reduction of toxic Cr(VI) to non-toxic Cr(III)
by various types of biomaterials, such as bacteria.
Arthrobacter species are of particular interest because of its
high potential for bioremediation. Bacteria can detoxify
chromium wastewater, by either reduction or accumulation
inside the cells and/or adsorption of the ion on their surface
[13]. The bacteria used in this work, Arthrobacter viscosus, is
a good exopolysaccharide producer, an aspect which would
permit prediction of good metal ion entrapment [14,15].

Although many studies on Cr(VI) biosorption claim that
this anion is removed from aqueous systems by adsorption,
recent reports reveal that the biosorption mechanism of Cr(VI)
by biomaterials is not “anionic adsorption” but “adsorption-
coupled reduction”. When Cr(VI) comes in contact with
biomaterials, especially in an acidic solution, the Cr(VI) can
easily or spontaneously be reduced to the Cr(IIl), because
Cr(VI) has high redox potential value (above +1.3 V at
standard conditions) [16-19]. These studies reveal that the
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removal of hexavalent and total chromium is strongly pH
dependent, being this parameter the most important in the
biosorption process. Other authors refer the importance of the
solution pH on the binding behaviour of the chromium species
due to the protonation/deprotonation of the cell wall
functional groups hence making the surface positively or
negatively charged [20-22].

The aim of the present work is to study the effect of
solution pH in the reduction of hexavalent chromium and in
its removal from solution, by living cells of A. viscosus.

II. EXPERIMENTAL

A. Materials and Reagents

Arthrobacter viscosus was obtained from the Spanish Type
Culture Collection of the University of Valencia. Aqueous
potassium dichromate solution was prepared by diluting
K,Cr,0; (Panreac) in deionized water.

All glassware used for experimental purposes was washed
in 10% nitric acid to remove any possible interference by
other metals.

B. Preparation of the Biomass

A medium with 10 g L of glucose, 5 g L of peptone,
3 g L of malt extract and 3 g L' of yeast extract was used for
the microorganism growth. The medium was sterilized at
121 °C for 20 min, cooled to room temperature, inoculated
with bacteria and kept at 28 °C for 24 h with moderate stirring
in an incubator. The cells were then harvested by
centrifugation at 7000 rpm for 15 min and re-suspended in a
smaller volume of residual culture medium to obtain a
concentrated suspension and provide a biomass concentration
of 5 g/L in the biosorption assays.

C. Biosorption Experiments

Batch experiments were conducted in 250 mL Erlenmeyer
flasks using 15 mL of A. viscosus suspension and 150 mL of a
potassium dichromate solution (100 mgc/L), with final
bacterium concentration of 5 g/L. To study the effect of pH on
Cr(VI) removal, pH values of 1, 2, 3 and 4 were used. The
solution pH was regularly maintained at the desired value
using H,SO,4 or NaOH solutions. The Erlenmeyer flasks were
kept at 28 °C, with moderate stirring. Samples of 1 mL were
taken, centrifuged and analyzed for chromium determination.

D. Analysis of Chromium lons

Hexavalent chromium was analyzed by measuring
absorbance at 540 nm of the purple complex of Cr(VI) with
1,5-diphenylcarbazide, in acidic solution [23]. For total Cr
determination, the Cr(IIT) was first oxidized to Cr(VI) at high
temperature by the addition of an excess of potassium
permanganate previous to the reaction with 1,5-
diphenylcarbazide. The Cr(II) concentration was calculated
by the difference between the total Cr and Cr(VI)
concentration.
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III. RESULTS

In Figs. 1 and 2 are shown the time-dependent
concentration of Cr(VI) and total chromium, at various
solution pH values in the range 1 to 4.
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Fig. 1 Concentration of Cr(VI) as a function of contact time, for
solution pH values of 1, 2, 3 and 4
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Fig. 2 Concentration of total chromium as a function of contact time,
for solution pH values of 1, 2, 3 and 4

As it can be seen in Fig. 1, the removal rate of Cr(VI) was
strongly pH dependent, increasing with a decrease in pH.
According to the reduction reactions of Cr(VI) species, it is
essential to supply numerous protons for promoting the rate of
the reaction.

Cr,0;* + 14H" + 6¢ — 2Cr’" + 7H,0 (1)
CrO,~ + 8H" + 3¢ « Cr’" +4H,0 )

HCrO, + 7TH™ + 3¢ < Cr'" + 4H,0 (3)
H,CrO; + 6H" + 3¢ « Cr'" + 4H,0 4)

Hexavalent chromium was completely removal from
solution for pH values of 1, 2 and 3. The contact time
necessary for complete Cr(VI) removal was 52 hours, 22 days
and 45 days for pH 1, pH 2 and pH 3, respectively. Total
removal was not achieved at pH 4, for the contact time of 73
days, remaining in solution 2.5 mg/L of Cr(VI).

Although Cr (VI) reduction is favored by very acidic
conditions, higher pH values enhance total Cr removal with
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the increase in contact time as shown in Fig. 2. At the end of
the assays, the lowest total chromium concentration remaining
in solution was obtained at pH 4 (Table 1). These results are
explained by the multiple phenomena involved in this system
such as reduction of Cr(VI), adsorption/desorption of
chromium ions and protonation/deprotonation of the cell wall
functional groups depending on the solution pH. The increase
of solution pH increases the negative charge on the cell
surface due to the deprotonation of the metal binding sites
hence attracting Cr(III) ions resulting from the reduction of
Cr(VI). It should be noted that after a short period of contact
time it can be observed a higher removal of total chromium
for the lower pH values (pH 1 and pH 2) due to the strong
protonation of functional groups, thus making the biomass
more positively charged and hence creating an electrostatic
attraction with Cr(VI) species. As the contact time increases it
can be seen a releasing of chromium to the solution at these
pH values. This is related to the electronic repulsion between
the positively charged groups of the cell wall and the cationic
Cr(IIT) species resultant from the reduction of hexavalent
chromium on the bacterium surface.

TABLE1
FINAL Cr(VI) AND Cr(III)CONCENTRATIONS IN AQUEOUS SOLUTION

pH C Cr(v[)/(mg/L) C Cr(m)/(mg/L)
1 0.0 71.0
2 0.0 67.4
3 0.0 36.3
4 2.5 22.0

In Fig. 3 and Fig. 4 are shown the removal efficiencies and
the uptake of total Cr. As the solution pH increased, the
removal efficiency and uptake of total Cr increased, as
discussed above. The best removal efficiency and uptake were
achieved at pH 4, 72.5 % and 12.6 mgc,/Zpiomass, after 73 days
of contact time.
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Fig. 3 Removal efficiencies of total chromium at the end of the
contact time, for the different pH values tested
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Fig. 4 Uptake of total chromium at the end of the contact time, in
terms of initial bacteria mass, for the different pH values tested

IV. CONCLUSION

This work demonstrate that the use of Arthrobacter
viscosus biomass can be an alternative process for the
detoxification of Cr(VI) from contaminated wastewaters.
Chromium biosorption was highly pH dependent, with lower
pH values favouring Cr(VI) reduction and higher solution pH
enhancing total chromium removal. The solution pH is one of
the most important parameters in the practical use bacterial
biomass in the Cr(VI) removal process. Wastewaters
containing Cr(VI) at a concentration ranging from 10-100
mg/L are generally acidic thus making easier the control of
this parameter in an industrial scale.

ACKNOWLEDGMENT

B. Silva and H. Figueiredo thank Fundagdo para a Ciéncia e
a Tecnologia (FCT-Portugal) for a Ph.D. Grant.

REFERENCES

[1] M. Gavrilescu, “Removal of heavy metals from the environment by
biosorption — a review”, Engineering Life Science, vol. 4 (3), pp. 219-
232,2004.

[2] U.K. Garg, M. P. Kaur, V. K. Garg and D. Sud, “Removal of hexavalent
chromium from aqueous solution by agricultural waste biomass”,
Journal of Hazardous Materials, vol. 140, pp. 60— 68, 2007.

[3] T. L. Kalabegishvili, N. Y. Tsibakhashvili and H.-Y. N. Holman,
“Electron spin resonance study of chromium(V) formation and
decomposition by basalt-inhabiting bacteria”, Environmental Science
and Technology, vol.37, pp. 4678-4684, 2003.

[4] N. Y. Tsibakhashvili, L. M. Mosulishvili, T. L. Kalabegishvili, E. 1.
Kirkesali, M. V. Frontasyeva, E. V. Pomyakushina, S. S. Pavlov and H.-
Y. N. Holman, “ENAA studies of chromium uptake by Arthrobacter
oxydans”, Journal of Radioanalytical and Nuclear Chemistry, vol. 259
(3), pp. 527-531, 2004.

[S] D. Mohan and C. U. Pittman Jr., “Activated Carbons and Low-Cost
Adsorbents for Remediation of Tri- and Hexavalent Chromium from
Water: A Review”, Journal of Hazardous Materials B, vol. 137, pp.
762-811, 2006.

[6] B. Silva, H. Figueiredo, C. Quintelas, I. C. Neves and T. Tavares,
“Zeolites as supports for the biorecovery of hexavalent and trivalent
chromium”, Microporous and Mesoporous Materials, article in press,
doi: 10.1016/j.micromeso0.2008.05.015, 2008.

[7] S. Deng and R. Bai, “Removal of trivalent and hexavalent chromium
with aminated polyacrylonitrile fibers: performance and mechanisms”,
Water Research, vol. 38, pp. 2424-2432, 2004.

61



World Academy of Science, Engineering and Technology 43 2008

[8] S.S., Ahluwalia and D. Goyal, “Microbial and plant derived biomass for
removal of heavy metals from wastewater”, Bioresource Technology,
vol. 98, pp. 2243-2257,2007.

[9] Y. Sag and T. Kutsal, Biosorption of heavy metals by Zooglodea
ramigera: use of adsorption isotherms and a comparison of biosorption
characteristic, The Chemical Engineering Journal, vol. 60, pp. 181-188,
1995.

[10] M. X. Loukidou, A. I. Zouboulis, T. D. Karapantsios and K. A. Matis,
“Equilibrium and kinetic modeling of chromium(VI) biosorption by
Aeromonas caviae”, Colloids and Surfaces A, vol. 242, pp. 93-104,
2004.

[11] J. R. Duncan, D. Brady and A. Stoll, “Biosorption of heavy metal
cations by non viable yeast cells”, Environmental Technology, vol. 15,
429-438, 1994.

[12] M M. Urrutia, General Bacterial Sorption Processes. London, Taylor
and Francis Publishers, 1997, pp. 39-66.

[13] N. V. Asatiani, M. K. Abuladze, T. M. Kartvelishvili, N. G. Bakradze,
N. A. Sapojnikova, N. Y. Tsibakhashvili, L. V. Tabatadze, L. V. Lejava,
L. L. Asanishvili and H-Y. Holman, “Effect of chromium(VI) action on
Arthrobacter oxydans”, Current Microbiology, vol. 49, pp. 321-326,
2004.

[14] H. Figueiredo, B. Silva, M. M. M. Raposo, A. M. Fonseca, 1. C. Neves,
C. Quintelas and T. Tavares, “Immobilization of Fe(IlI) complexes of
pyridazine derivatives prepared from biosorbents supported on zeolites”,
Microporous and Mesoporous Materials, vol. 109, pp. 163-171, 2008.

[15] B. Silva, H. Figueiredo, C. Quintelas, I. C. Neves and T. Tavares, “Iron
and Chromium Removal from Binary Solutions of Fe(III)/Cr(Ill) and
Fe(IlI)/Cr(VI) by Biosorbents Supported on Zeolites”, Materials Science
Forum, vol. 587-588, pp. 463-467, 2008.

[16] D. Park, Y.-S. Yun and J. M. Park, “Reduction of Hexavalent
Chromium with the Brown Seaweed Ecklonia Biomass”, Environmental
and Science Technology”, vol. 38, pp. 4860-4864, 2004.

[17] D. Park, Y.-S. Yun, J. H. Jo and J. M. Park, “Mechanism of hexavalent
chromium removal by dead fungal biomass of Aspergillus niger”, Water
Research”, vol. 39, pp. 533-540, 2005.

[18] D. Park, Y.-S. Yun, C. K. Ahn and J. M. Park, “Kinetics of the
reduction of hexavalent chromium with the brown seaweed Ecklonia
biomass”, Chemosphere, vol. 66, pp. 939-946, 2007.

[19] D. Park, Y.-S. Yun, J. Y. Kim and J. M. Park, “How to study Cr(VI)
biosorption: Use of fermentation waste for detoxifying Cr(VI) in
aqueous solution”, Chemical Engineering Journal”, vol. 136, pp. 173-
179, 2008.

[20] R. Say, A. Denizli and M. Y. Arica, “Biosorption of cadmium(II),
lead(I) and copper(Il) with the filamentous fungus Phanerochaete
chrysosporium”, Bioresource Technology, vol. 76, pp. 67-70, 2001.

[21] M. Ziagova, G. Dimitriadis, D. Aslanidou, X. Papaioannou, E. L.
Tzannetaki and M. Liakopoulou-Kyriakides, “Comparative study of
Cd(II) and Cr(VI) biosorption on Staphylococcus xylosus and
Pseudomonas sp. in single and binary mixtures”, Bioresource
Technology, vol. 98, pp. 2859-2865, 2007.

[22] V. Murphy, H. Hughes, P. McLoughlin, “Comparative study of
chromium biosorption by red, green and brown seaweed biomass”,
Chemosphere, vol. 70, pp. 1128-1134, 2008.

[23] D. Eaton, L. S. Clesceri, A. E. Greenberg, Standard methods for the
examination of water and wastewater. Washington, American Public
Health Association (APHA), 1995.

62





