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Abstract: The simultaneous removal of Cr( ) and phenol in a consortium culture containing Cr( ) reducer, Bacillus sp. and phenol
degrader, Pseudomonas putida Migula (CCTCC AB92019) was studied. Phenol was used as the sole carbon source. Bacillus sp.
utilized metabolites formed from phenol degradation as electron donors and energy source for Cr( ) reduction. Optimum Cr( )
reduction was observed at a phenol concentration of 150 mg/L and an initial Cr( ) concentration of 15 mg/L. Both the Cr( )
reduction and phenol degradation were influenced by the cell composition of the culture, but the phenol degradation was not
significantly affected by the content of Bacillus sp. The experiments also showed that the amount of phenol degraded was more than

that stoichiometrically required for Cr( ) reduction.
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1 Introduction

Hexavalent chromium has been recognized as one
of the most popular environmental pollutants due to its
widespread use in modern industries such as textile
manufacture, iron and steel industries, ore processing,
and leather tanning[1-2]. Both trivalent chromium and
hexavalent chromium exist in wastewaters. Cr( ) is
classified by the US EPA as a group A carcinogen based
on its chronic and subchronic effects, while the trivalent
chromium Cr( ), on the other hand, is less toxic and
less soluble than Cr( ), and even essential to human
health in trace amount[3—5]. Thus, the transformation of
Cr( ) to the more immobile and less toxic Cr( )
represents a detoxification process and an attractive and
useful process has been developed for the remediation of
Cr( ) pollution. Cr( ) could be reduced into Cr( ) by
biological and chemical methods. Biological treatment of
Cr( ) is effective and can significantly reduce the
quantity of the produced sludge, therefore becomes a
more preferable process in Cr( ) treatment[6—7]. Many
species of microorganisms, including strains of
Escherichia[8—9], Bacillus[3, 10], Shewanella[11-12],

Pseudomonas[13—14] have been identified and used for
the degradation of Cr( ) under either aerobic or
anaerobic conditions due to their high removal
efficiency.

In the world, organic pollutants including phenol,
naphthalene and trichloroethylene have been found at
high concentrations in Cr( ) polluted wastewaters
discharged from wood preserving plants, petroleum
refining plants, leather tanning plants and metal finishing
plants[15—16]. Thus, microbial reduction of Cr( ) with
simultaneous degradation of aromatic pollutants has
received much concerns.

The known electron donors for Cr( ) reduction are
generally limited to amino acids and aliphatic
compounds. The use of aromatic compounds as electron
donor and carbon source for microbial reduction of
Cr( ) represents the potential for simultaneous detoxi-
fication of organic compounds since both Cr( ) and
organic compounds are often found together in polluted
sites. KUO and GENTHNER[17] found that the presence
of heavy metals can affect the outcome of anaerobic
bioremediation of aromatic pollutants. SHEN et al[18]
also investigated the feasibility of simultaneously
removed Cr( ) and benzoate, and received good results
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at last. Mixed cultures containing organic compound
degraders and heavy metal degraders have been shown to
out-perform in both heavy metal and toxic aromatic
compound removal.

Bacterial can utilize a number of organic pollutants
including phenol, 2-chlorophenol and benzene as the
electron donors for Cr( ) reduction[19]. In this work,
phenol was chosen as aromatic copollutant of Cr( ) due
to its relatively wide occurrence in Cr( ) contaminated
sites. The feasibility of simultaneous removal of Cr( )
and phenol in a batch coculture consisting of Bacillus sp.
and Pseudomonas putida Migula (CCTCC AB92019)
was examined.

2 Experimental

2.1 Bacterial strains and medium

The microorganism Pseudomonas putida Migula
(CCTCC AB92019) was purchased from China Center
for Type Culture Collection, and was stored at 4  in a
nutrient agar medium containing beef extract 3.0 g/L,
peptone 3.0 g/L, agar 20.0 g/L and NaCl 5.0 g/L. The pH
of the medium was 7.0. The Cr( )reducer was
previously isolated from the chromium landfill, located
at a chromate factory in Changsha, China, and was
identified as Bacillus sp. The components of the mineral
liquid medium were KH,PO,4 0.5 g/L, K,HPO,4 0.5 g/L,
MgS0,7H,0 0.2 g/L, CaCl, 0.1 g/L, NaCl 0.2 g/L,
MnSO4H,O 0.01 g/L, NH4NO;3 1.0 g/L, and the sole
carbon source phenol was added to the required
concentration. All chemicals used for the culture medium
were of analytical grade and in all experiments the
working volume was 100 mL.

2.2 Free suspension cultivation

The Bacillus sp. was enriched in a liquid nutrient
medium which contained the same
described above in nutrient agar medium except agar,
whereas P. putida Migula was enriched in mineral liquid

medium with phenol as the sole carbon source. Both

components

bacteria were incubated in the flasks at 150 r/min and 30

for 12 h. The cultivated cells were harvested by
centrifugation at 3 600 r/min for 15 min and then washed
with sterile water and re-centrifuged twice. After
centrifuging, the active cells were re-suspended in
mineral liquid medium.

23 Cr( ) reduction and phenol
experiments
The 250 mL flasks containing 100 mL mineral
liquid medium, desired phenol concentration and
chromate (K,CrO,) were inoculated with 1 mL cell

degradation

suspension, then incubated in a shaker controlled at 150
. All media (except phenol) were
for 20 min before being used in the

r/min and 30
autoclaved at 120
experiments.

2.4 Analytical methods

Samples (2 mL) were withdrawn at regular time and
centrifuged at 10 000 r/min for 15 min to remove the
biomass from the liquid phase. Clear supernatants were
analyzed for phenol degradation and Cr( ) reduction.
Hexavalent chromium was determined colorimetrically
by using a spectrophotometer (UV 754N) at 540 nm by
reaction with diphenylcarbazide in acid solution. Phenol
was determined by HPLC (AGILENT 1100), using a
Phenomenex C18 column (particle size 5 pm). The
eluent was methanol-water mixture (60:40 (v/v)) pumped
at a flow rate of 1.0 mL/min. The sample was subject to
filtration through a Millipore filter (0.2 pum) before
HPLC analysis. The cell wet mass of each bacterium was
used to measure the cell composition.

3 Results and discussion

3.1 Simultaneous Cr( ) reduction and phenol degra-

dation

The simultaneous removal of phenol and Cr( ) in
seven different cultures were investigated and the results
are listed in Table 1. It can be easily seen that the Cr( )
reduction occurred in the consortium with concomitant
phenol degradation. The concentration of Cr( )
decreased from 20 mg/L to 4.1 mg/L after 60 h of
incubation with 100 mg/L phenol as the sole added
carbon source (Test 1). Little or no Cr( ) reduction and
phenol degradation were observed in the autoclaved
culture and in the culture without inoculating the bacteria
(Tests 6 and 7). This indicated that Cr( ) reduction and
phenol
biological activity. Cr( ) reduction was insignificant in
the absence of Cr( )-reducing Bacillus sp, while phenol
can be degraded by P. putida Migula in the same culture
(Test 2). But in the culture without P. putida Migula,
both Cr( ) reduction and phenol degradation were not
evident (Test 4). The concentration of Cr( ) reduced
from 20 mg/L to 3.84 mg/L when glucose was added in
the culture without P. putida Migula, while the
concentration of phenol remained nearly the same as
beginning (Test 3). More reduction of Cr( ) can be
observed in the culture with adding phenol than in the

degradation were accomplished through

culture without adding phenol, indicating that phenol
degradation enhanced Cr( ) reduction (Tests 1 and
5). Limited Cr( ) reduction may be attributed to
endogenous respiration of Bacillus sp. By comparing all
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Table 1 Cr( ) reduction and phenol degradation in different cultures

Concentration/(mg-L™")

Incubati
nc.u ation Test 1 Test 2 Test 3 Test 4
time/h
Cr( ) Phenol Cr( ) Phenol Cr( ) Phenol Cr( ) Phenol
0 20.00 100.00 20.00 100.00 v 20.00 100.00 20.00 100.00
12 7.01 72.20 19.73 46.88 13.14 98.40 19.79 98.39
24 6.75 51.19 19.39 25.66 9.60 97.64 18.92 97.83
36 5.45 43.79 19.41 20.76 5.63 97.22 18.83 98.21
48 5.14 41.74 19.38 9.02 4.22 97.35 18.47 97.79
60 4.10 19.55 19.55 8.01 3.84 97.65 18.21 97.25
. Concentration/(mg-L™")
Incubation
time/h Test 5 Test 6 Test 7
Cr( ) Phenol Cr( ) Phenol Cr( ) Phenol
0 20.00 100.00 20.00 100.00 20.00 100.00
12 19.82 0.00 19.82 97.25 19.74 98.77
24 19.46 0.00 19.78 97.15 18.63 98.67
36 19.33 0.00 19.83 97.14 18.64 98.72
48 18.62 0.00 19.82 97.21 18.54 98.46
60 16.95 0.00 19.83 97.52 18.90 98.54
Test : Culture with all of factors except glucose; Test 2: Culture without Bacillus sp; Test 3: Culture with adding glucose, but no P. putida Migula; Test 4:

Culture without P. putida Migula; Test 5: Culture without phenol; Test 6: Autoclaved culture without bacterial; Test 7: Culture with killed cells

the data of test, it can be found that Cr( ) reduction was
correlated to phenol degradation. Phenol was an
indispensable energy source in the culture because
Cr( ) reduction cannot continue after phenol was
removed from the culture. The fact that Cr( ) reduction
was not significant without the phenol degradation
indicated that Bacillus sp. cannot use phenol as carbon
source directly. So, it can be concluded that the
metabolites formed from phenol degradation were used
by Bacillus sp. for Cr( ) reduction. Phenol degradation
probably provided electron donors and energy source for
Cr( ) reduction. In order to understand the relationship
between phenol degradation and Cr( ) reduction, more
experiments were carried out under different Cr( )
concentration,  phenol and cell
composition.

concentration

3.2 Effect of Cr( ) concentration

The phenol concentration and Cr( ) concentration
at different initial Cr( ) concentrations as a function of
time can be observed in Fig.l. It can be seen from
Fig.1(a) that the average rate of Cr( ) reduction
increased with initial Cr( ) concentration until an
optimum Cr( ) concentration of 15 mg/L was reached
(from 0.08 mg/(L-h) at the initial Cr( ) concentration of
5 mg/L to 0.199 mg/(L-h) at 15 mg/L). The culture
exhibited a better performance on Cr( ) reduction if the
initial Cr( ) concentration was lower than 15 mg/L.
This result may be due to the toxicity effect of chromate
on inhibiting the biological activity in the culture. High
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Fig.1 Effect of initial Cr( ) concentration on Cr( ) reduction
(a) and phenol degradation (b) (Initial phenol concentration 150
mg/L and initial Cr( ) concentration 5-50 mg/L)
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concentration of Cr( ) affected cell growth and then the
cells failed to grow and reduce Cr( ). The inhibitory
effect of Cr( ) on bacterial metabolism has been
reported in both pure and mixed cultures[20—21].

It can be found from Fig.1(b) that the average rates
of phenol degradation were 2.06, 1.89, 1.52, 1.26, 1.19
and 0.74 mg/(L-h) at initial Cr( ) concentration of 5, 10,
15, 20, 25 and 50 mg/L, respectively. The average
degradation rate of phenol declined with increasing the
initial Cr( ) concentration. This indicated the toxicity
and inhibiting effect of Cr( ) on phenol degradation.
The inhibiting effect of Cr( ) on phenol degradation
increased with the increase in Cr( ) concentration.
However, the rate of Cr( ) reduction increased with an
increase in initial Cr( ) concentration from 5 to 15
mg/L, and it reached a maximum value at the initial
Cr( ) concentration of 15 mg/L before the rate started
to decrease. High Cr( ) concentration had inhibiting
effect on phenol degradation. This effect not only led to
significant reduction of the phenol degradation, but also
limited Cr( ) reduction because of insufficient electron
donors produced by phenol degradation. KUO and
GENTHNER[17] had investigated the effects of adding
some metal ions on biotransformation and
biodegradation of 2-Chlorophenol and 3-Chlorobenzoate,
and found that the presence of heavy metals could affect
the outcome of bioremediation of aromatic compounds.

3.3 Effect of phenol concentration

The effect of phenol concentration on the Cr( )
reduction and phenol degradation was investigated over a
range of about 25-250 mg/L under an initial Cr( )
concentration of 15 mg/L. As shown in Fig.2(a), Cr( )
reduction occurred in all cultures with phenol as a sole
added carbon source. The Cr( ) reduction ratios were
57.80%, 73.47%, 84.47%, 79.67%, 57.93% and 49.60%
at initial phenol concentration of 25, 50, 100, 150, 200
and 250 mg/L, respectively. An increase in initial phenol
concentration enhanced Cr( ) reduction until an
optimum value of 100 mg/L was reached. At the same
time, the averaged phenol degradation rate increased
from 0.39 to 1.52 mg/(L-h) when the initial phenol
concentration increased from 25 to 150 mg/L. But further
increase in initial phenol concentration from 150 to 200
mg/L led to the decrease in average phenol degradation
rate from 1.52 to 1.48 mg/(L-h) (Fig.2(b)). Cr( )
reduction was correlated to high organic acid formation
from phenol degradation[16]. Organic acid formation
accumulation might inhibit biological activity. At the
same time, phenol and its ramification also inhibited the
activity of the bacterial because of the protein
denaturation. Phenol degradation in the culture produced

a series of organic acid metabolite. High concentration of
phenol inhibited biological activity, and then led to the
accumulation of organic acid metabolite produced from
phenol degradation, therefore, resulting in decrease in
both Cr( ) reduction and phenol degradation rates at
last. Phenol concentration above the optimum level
became an inhibit factor on Cr( ) reduction and phenol

degradation.
16 @
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Fig.2 Effect of initial phenol concentration on Cr( ) reduction

(a) and phenol degradation (b) (Initial Cr( ) concentration 15
mg/L and initial phenol concentration 25-250 mg/L)

3.4 Effect of cell composition

Both Cr( ) reduction and phenol degradation were
affected by the composition of cells. In this work, the
effect of cell composition on Cr( ) reduction and
phenol degradation was investigated by varying the ratio
of phenol-degraders (P. putida Migula) to Cr( )-
reducers (Bacillus sp.). The data in Fig.3 and Fig.4 were
tested under a constant initial Bacillus sp. density (cell
wet mass 0.18 g) with varying P. putida Migula density
and a constant initial P. putida Migula density (cell wet
mass 0.20 g) with varying Bacillus sp. density,
respectively. As shown in Figs.3(a) and (b), almost no
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Cr( ) reduction or phenol degradation occurred in the
culture without P. putida Migula. Phenol cannot be
degraded if the culture lacks P. putida Migula. This
means that the culture had no electron donors and energy
source formed from phenol degradation to provide for
Cr( ) reduction, so both the phenol degradation and
Cr( ) reduction were insignificant. Increase in the ratio

16
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Fig.3 Effect of varying cell composition of phenol-degraders in
culture on Cr( ) reduction (a), phenol degradation (b) and
removal ratio (c) (P. putida Migula-to-Bacillus sp. ratio 0:1,
0.5:1, 1:1, 5:1 and 10:1)

of P. putida Migula to Bacillus sp. from 0:1 to 10:1
enhanced both the Cr( ) reduction and phenol
degradation (Fig.3(c)). Higher ratio of P. putida Migula
to Bacillus sp. resulted in higher phenol degradation,
more electron donor and energy source, indicating that
the Cr( ) reduction rate became larger. At the same time,
the accumulation of organic acid metabolites consumed
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Fig.4 Effect of varying cell composition of Cr( )-reducers in
culture on Cr( ) reduction (a), phenol degradation (b) and
removal ratio (c) (P. putida Migula-to-Bacillus sp. ratio 1:0,
1:0.5, 1:1, 1:5 and 1:10)
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by Cr( ) reduction decreased, and this then enhanced
the phenol degradation due to the reduction of the toxic
effects on phenol degradation. The correlation between
substrate degradation and cell composition in the culture
illustrated that the organic acid metabolites formed from
phenol degradation became another limiting factor for
Cr(VI) reduction.

Fig.4 shows the effects of cell composition on
Cr( ) reduction and phenol degradation by varying ratio
of P. putida Migula to Bacillus sp. from 1:0 to 1:10.
Absolutely, no Cr( ) reduction occurred in the culture
without the presence of Bacillus sp. (Fig.4(a)). Increase
in the proportion of initial Bacillus sp. concentration
from O to 10:1 increased the reduction percentage of
Cr( ) from 1.26% to 83.67% (Figs.4(a) and (c)).
However, the degradation percentage of phenol remained
a rather stable increase trend under the same condition.
This indicated that the phenol degradation was not
significantly affected by Bacillus sp. Organic acid
inhibit
degradation. In this experiment, the more the quantity of
Bacillus sp. that the culture contained, the faster the
organic acid metabolites consumed, and then the more
the phenol was degraded (Figs.4(b) and (c)).

metabolite  accumulation  might phenol

3.5 Bioenergetics and mass balance

Theoretically, 5.14 mg Cr( ) would be reduced per
microgram of phenol degraded based on complete
mineralization of phenol to water and bicarbonate:

CeHgO+9.3CrO> +40.7H'=9.3Cr* +6HCO; +20.3H,0

But, the highest efficiency of Cr( ) reduction per
unit mass of phenol degradation (0.37 mg Cr( )/mg
phenol) was far less than that theoretically required (5.14
mg Cr( )/mg phenol). P. putida Migula oxidized phenol
using molecular oxygen as an electron acceptor.
Metabolites formed from the phenol degradation served
as electron donor and energy source for Cr( ) reduction
since Bacillus sp. did not utilize phenol for growth
directly. Therefore, the amount of phenol consumed was
much more than that stoichiometrically required for
Cr(VI) reduction because the energy produced from
phenol degradation was not used by Cr( ) reduction
fully.

4 Conclusions

1) Simultaneous Cr( ) reduction and phenol
degradation using a coculture of P. putida Migula and
Bacillus sp. was investigated.

2) Phenol was used as the sole carbon source, and
the organic acid intermediates formed from the phenol

degradation were used by Bacillus sp. for Cr( )
reduction.
3) Cr( ) had inhibiting effects on both phenol

degradation and Cr( ) reduction, whereas phenol

enhanced both Cr( ) reduction and phenol degradation
until the optimum level was reached.

4) The composition of cell influenced the Cr( )
reduction and phenol degradation. Phenol degradation
and Cr( ) reduction increased with increasing the ratio
of P. putida Migula to Bacillus sp., and increase in the
proportion of Bacillus sp. concentration in the culture
also led to the increase of Cr( ) reduction and phenol
degradation.

5) The observed amount of phenol being degraded
was more than that stoichiometrically required for Cr( )
reduction.
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