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Abstract

The ability of Thiobacillus ferrooxidansultures to reduce chromium(VI) to chromium(lll) was evaluated under different conditions.
In T. ferrooxidanscultures with sulphur as energy source, the capacity for chromium(VI) reduction was related to the generation of
sulphur compounds (sulphite, thiosulphate and polythionates) with high reducing power. In contrast with other chromium(VI)-reducing
microorganismsJ. ferrooxidanshowed higher chromium(V1) reduction at low pH. The reduction of chromium(VI) also increased with the
age of the culture. A. ferrooxidansells were capable of growing under anaerobic conditions with chromium(VI) as the terminal-electron
acceptor. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction the oxidation of a variety of inorganic sulphur compounds.
Two species of ThiobacilliThiobacillus ferrooxidanand
Chromium compounds have many industrial uses, such Thiobacillus thiooxidansare involved especially in bacte-
as chromite ore processing, electroplating, leather-tanningrial leaching of sulphide ores for the recovery of several
processes amongst others [1-3]. As a result of unregulatednetals [16-19]. The oxidation of such compounds, particu-
application and inappropriate waste-disposal practices, larly that of elemental sulphur, generates a series of sulphur
chromium is incorporated into the environment (mainly compounds (sulphite, thiosulphate and polythionates) with
into soils and streams of water) [1]. The main aqueous high reducing power [20]. This activity has been used in
species of chromium are & (pH < 3.6), Cr(OHy~ cultures ofT. thiooxidango catalyse the reduction of man-
(pH > 115), Cry>~ (pH > 6.5) and CrQH~ and ganese(lV) [21], iron(lll) [22] and vanadium(V) [23]. Re-
Cr,0;2~ (pH < 6.5). Hexavalent chromium is classified cently, we reported that cells of these bacteria are capable
as a primary contaminant because of its mobility in soil of chromium(VI) reduction in aerobic conditions through
and groundwater and its reported harmful effects on organ-a similar mechanism [24,25] although high chromium con-
isms including humans. Within living cells, chromium(VI) centrations produced partial or total inhibition. It has also
compounds can induce cancer and mutation. As reductionbeen suggested that the reducing capability may be in the
of toxic chromium(V1) leads to the formation of stable colloidal sulphur appearing in cultures. Results showed cer-
and non-toxic chromium(lll), this reduction may be imple- tain advantages using these microorganisms in relation to
mented so as to achieve detoxification, and therefore, envi-others used before because they are able to reduce greater
ronmental cleanup. Chromium(VI) reduction or chromium concentrations of chromium (more than 100 mfland no
immobilisation can be produced abiotically by different organic compounds should be added dueTkwobacillus
substances [4—6] but recent reports have demonstrated theells being autotrophic.
feasibility of using biological reduction for the treatment of For our purpose, colloidal sulphur ifi. ferrooxidans
chromium(VI) containing wastes [2,3,7-15]. cultures on elemental sulphur was separated through micro-
Thiobacilli are a group of gram-negative chemoau- filtration. Reduction ability ofT. ferrooxidanscultures was
thotrophic bacteria that can obtain energy for growth from evaluated by passing chromium(VI) through filtration mem-
branes with colloidal sulphur. Percentages of chromium(VI)
"+ Corresponding author. Tekt54-221-483-3794:; reduction were determined in relation to culture condi-
fax: +54-221-483-3794. tions, culture method (shake flasks or fermentation vessel)
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chromium(V1) in the presence of elemental sulphur under 2.6. Chromium(VI) reduction in cultures

anaerobic conditions was also investigated.

2. Materials and methods
2.1. Microorganisms

A T. ferrooxidansstrain (DSM 11477) was used in the
experiments. Cells were routinely sub-cultured in iron-free
9 K medium [26] with powdered sulphur (10gY) as energy

under different conditions

Experiments of chromium(VI) reduction in three reduc-
tion steps were carried out using colloidal sulphur and cells
(see above) from cultures at different conditions and with
shake flasks or the fermentation vessel. Sulphur oxidation
by Thiobacilluscells produces sulphuric acid; that is why,
the condition of the culture where samples were taken from,
was correlated with proton concentration reached in this cul-
ture. A potassium dichromate solution (10 mg land pH

source. Cells were used as inocula in cultures carried out in2 0) was used in these experiments.

shake flasks or in a fermentation vessel.

2.2. Cultures in shake flasks

2.7. Chromium(VI) reduction at different pH

Experiments of chromium(VI) reduction in three reduc-

Experiments were carried out in flasks incubated in a tion steps were carried out using colloidal sulphur and cells

shaker at 180rpm and 30. The 1.0g of analytical grade
powdered sulphur and 100 ml of iron-free 9 K medium in-
oculated at 10% v/v witfT. ferrooxidanswvere added in all
flasks. The initial pH was 2.0.

2.3. Cultures in a fermentation vessel

Cultures were also carried out in stirred and aerated baf-

fled LKB fermenter (fermentation vessel made of glass,
length 50 cm, i.d. 25 cm; 400 rpm; air flow 0.6 | mif) con-
taining 61 of iron-free medium at pH 2.0 inoculated at 10%
v/v with T. ferrooxidansand 120 g of analytical grade pow-
dered sulphur. Cultures were maintained &t@0

2.4. Preparation of filters with colloidal sulphur

The total amount of 100 ml of cultures from shake flasks
or from the fermentation vessel were filtered through blue
ribbon filter paper (pore size |8n) to eliminate sulphur
particles larger than @m. Then the medium was filtered
through a 0.4um filter. Filtration membranes with both
retained biomass and colloidal sulphur (strictly speaking,
sulphur particles with size less thaquB) were used in the
following experiments.

2.5. Chromium(V1) reduction procedure using filters

The total amount of 5ml of potassium dichromate so-
lution (pH 2.0 and chromium(VI) 10mgt) were filtered

(see above) from a culture in a fermentation vessel when
proton concentration was about 200-250 mmél IA solu-

tion with 10 mg - chromium(V1) at different pH (2.0, 4.0,
6.5 and 8.5) was used in the experiments.

2.8. Chromium(VI) reduction under
anaerobic conditions

Experiments were carried out in hermetic flasks with two
valves allowing gaseous circulation through the solution.
The flasks were incubated in a shaker at 180 rpm af€ 30
The total 1.0 g of elemental sulphur and 100 ml of a iron-free
9 K medium containing 12.5 mgt of chromium(VI) inoc-
ulated at 10% v/v withT. ferrooxidanswere added to all
flasks. The initial pH was 2.0. In order to reach anaerobic
conditions, a stream of Nwith 2.7% v/v of CQ (with-
out oxygen by previous passage through pyrogalol) was
circulated through the medium. Valves were closed when
oxygen was not detected in the gaseous stream coming from
the medium. Samples were regularly taken from flasks and
N2/CO, was recirculated to achieve anaerobic conditions.

When chromium(VI) concentration lowered significantly,
more chromium(VIl) was added avoiding concentrations
higher than 15 mgi!. This was done four times, so that final
chromium concentration would have been about 50Thg |

Sterile controls were used, replacing inoculum by sterile
medium with similar conditions as in the inoculated flasks.
Chromium(VI) concentration did not alter so no further ad-
ditions were necessary.

through the filtration membranes described above, using an ]
accessory vacuum filter. Contact time between filter and so-2-9- Analytical methods

lution was about 5min. In some experiments, the proce-

dure was repeated twice, each time with 5ml of potassium Bacterial population was determined by using a

dichromate solution. Each filtering procedure will be called,
from now on “reduction step”. After the reduction step(s),
an iron-free medium of pH 2.0 was used to flush chromium
possibly adsorbed in the filter. All reduction experiments

Petroff-Hausser counting chamber under a microscope with
a contrast phase attachment and proton concentration was
analysed by titration with a 0.02N NaOH.

Chromium(VI) was determined by the diphenylcarbazide

were carried out in duplicate using analytical-grade potas- method [27,28]: 0.50 ml solution prepared with 0.025g of

sium dichromate.

diphenylcarbazide in 10 ml of acetone were added to 10 ml
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of sample (diluted when necessary). After 10 min incubation S, + GSH— GSS,H Q)

at room temperature, absorbance at 540 nm was determined. o o )

Total chromium concentration was determined in the same Later, polysulphide is oxidised to sulphite by the cells ac-
way after oxidising chromium(lil) with a solution of KMng  cording to the following reaction:

bailing for 10 min. GSSH + Oy + HyO — GSS,_1H + SO2~ +2H"  (2)

Finally, the sulphite, thus produced is oxidised to sulphate

3. Results and discussion by the cells:

-, 1 2—
3.1. Chromium(VI) reduction under cultures at SO 302~ SQ4 ®)
different conditions If this mechanism is correct, reaction (2) produces reduc-

tion compounds (in this case, sulphite) and is responsible for
Fig. 1 shows chromium(VI) reduction percentage by col- protons appearing in the solution. Our results qualitatively
loidal sulphur and cells from cultures in shake flasks or in agree with this mechanism because reduction ability is ac-
the fermentation vessel at different points in time (repre- companied by higher proton concentration in the solution.
sented by the proton concentration which indicates bacterial The majority of reducing compounds produced are finally
growth). Cultures took approximately 250 h to reach a pro- oxidised according to Eq. (3). On the other hand, when col-
ton concentration of 500 mM in the fermentation vessel or loidal sulphur was retained in the filtration membranes, cul-
340 mM in shaken flasks. tures did not reduce chromium(VI1) substantially; moreover,
Reduction percentage was estimated by the quotient bet-elemental sulphur retained in the first filtration (sulphur par-
ween chromium(lll) concentration (determined as the dif- ticles larger than @m) did not cause chromium(VI) reduc-
ference between total chromium and chromium(V1)) and the tion either (data not shown). These results suggest that only
total chromium concentration. The ability to reduce chro- reducing compounds associated with colloidal sulphur re-
mium(VI) increases as the proton concentration increases. duce chromium(VI) while reducing compounds concentra-
The sulphur-oxidation mechanism has not been com- tion in solution is low due to bacterial action, as indicated
pletely explained, yet. But, ifi. thiooxidansand perhaps in  in Eg. (3). Besides, the latter reaction would be essentially
T. ferrooxidang16], reduced glutathione (GSH) is required due to the action of unattached bacteria having those reduc-
to oxidise elemental sulphur ing compounds as energy source [29]. Reducing compounds
associated with colloidal sulphur are probably joined in a
labile way so as to reduce chromium(VI) but not in such
: a way as to be removed by successive washing. Thus, ac-
g Egsr’;‘:ma“on vessel cording to Steudel [30], colloidal sulphur in cultures Bf
ferrooxidanswould be present as long-chain polythionates
forming micelles or globules of up to a few micrometers.
_— The amount of reducing compounds associated with the
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60 I — culture at a given moment is substantially less than that sug-
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Proton congentration (M) /' gested by the stoichiometry in Eq. (2) taking into account the
acid production. This result suggests that reaction (3) is very
40 4 ./ fast, especially in shake flasks, due to the higher unattached
o bacterial population at the same acid production (Fig. 1;
inner graph). Probably, greater stirring in the fermentation
vessel increased the exposed area and consequently the bac-
20 _ terial attachment to the sulphur [31]. In contrast to this, sul-
o phur surface in flasks was saturated with cells faster than in

the fermentation vessel, increasing free bacterial population
and decreasing the amount of reducing compounds (Eg. (3)).

100 200 300 400 500 3.2. Chromium(VI) reduction at different pH

Percentage chromium(VI) reduction

Proton concentration (mM)
Fig. 2 shows chromium(VI) reduction percentage when
Fig. 1. Percentage chromium(VI) reduction under different culture con- circulating chromium(V1) solutions had pH values of 2.0,
ditions (outer graph). Relationship between free bacterial population and 4.0. 6.5 and 8.5. The outer graph also shows the amount of
proton production inT. ferrooxidansculture (inner graph). The values T o . .
are the means from two cultures. Error bars represent standard devia-Chromll’Im retained by the filter (elve,n after be.mg washed).
tions. Negligible error bars indicate that results in duplicates were almost At pH 2.0, that amount was negligible but it increased as

identical. chromium(VI) solution pH increased and reached 60% of
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Fig. 2. Chromium(VI) reduction and chromium retained on the filter in Fig. 3. Changes in culture pH and chromium(lll) concentration (inner
experiments using chromium(VI) solutions at different pH (outer graph). graph) and in chromium(VI) concentration (outer graph) duringer-
Chromium(VI1) reduction percentages for three reduction steps (inner rooxidansculture under anaerobic conditions. The arrows indicate new
graph). The values are the means from two cultures. Error bars representadditions of chromium(VI1). The values are the means from two cultures.
standard deviations. Negligible error bars indicate that results in dupli- Error bars represent standard deviations. Negligible error bars indicate
cates were almost identical. that results in duplicates were almost identical.

added chromium when pH was 8.5. Probably, chromium graph, it can be seen that pH is also slightly reduced during
was retained (as chromium(lll) hydroxide which is insoluble the experiment.
at high pH) by the filter [32]. This would indicate greater These results indicate that chromium(VI) has been the last
reduction on the filter than is suggested by the figure. electron acceptor. Constant decrease of free bacterial pop-
The inner graph shows chromium(VI) reduction percent- ulation was also observed in these cultures, suggesting the
age for three reduction steps when chromium(VI) solution possibility that chromium(VI) reduction catalysed by cells
pH was 2.0; reduction power lowered critically, nearly disap- is not coupled to their growth. Chromium(VI) reduction un-
pearing in the third stage. Under other pH values, chromium der anaerobic conditions was slower than that under aerobic
solution behaviour was similar. conditions [24].
The reason why reduction is higher when pH is lower may =~ Summarising, the present paper suggests that ifer-
be related to the greater oxidation power of chromium(VI) rooxidans cultures on elemental sulphur, certain reduc-
compounds as pH lowers (dichromate has a standard elecing compounds are generated, which are able to reduce
trode potential of 1.33V while the value for chromate is chromium(VI); these reducing compounds are basically
—0.12V). Although greater immobilisation-reduction was located on colloidal sulphur. The reduction ability of col-
found at higher pH values, reduction percentage detectedloidal sulphur takes place within a wide range of pH values

was maximum when pH was 2.0. in the chromium(V1) solution, though it increases when pH
decreases. Cultures taken from fermentation vessels present

3.3. Chromium(VI) reduction under greater reducing power than cultures from shake flasks,

anaerobic conditions though in both cases, the reducing power is greater if the

growth phase is more advanced. Besidesferrooxidans

Fig. 3 illustrates chromium(VI) reduction under anaero- cells showed their ability to use chromium(VI) as electron
bic conditions. Chromium reduction was not observed un- acceptor in the absence of oxygen. In this way, the use
der sterile conditions. Neither was it observed in an inocu- of T. ferrooxidanscells immobilised in elemental sulphur
lated system which was boiled during 20 min before adding or colloidal sulphur coming fronT. ferrooxidanscultures,
dichromate (data not shown). The latter served to discardbecomes an adequate process to be used in the detoxifica-
dichromate reduction due to the organic matter of the bac- tion of chromium(VI) polluted effluents because it can be
teria. The inner graph shows chromium(lll) evolution in used under diverse pH values, aerobic and even anaerobic
cultures confirming chromium(VI) reduction. In the same conditions.
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