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bstract

The effects of Ni(II) and Co(II) on the activated sludge growth rate have been assessed for a batch growth system, for a range of concentrations
etween 0 and 320 mg L−1. The activated sludge was not acclimatized to the above metallic species, while a synthetic rich growth medium was used
s substrate throughout out the experimental trials. Ni(II) and Co(II) have been found to stimulate microbial growth at concentrations approximately
elow 27 and 19 mg L−1, with maximum stimulation concentrations 10 and 5 mg L−1, respectively. The lethal concentrations (zero growth) for
oth species have been found to lie between 160 and 320 mg L−1, with Co(II) identified as more potent growth inhibitor compared to Ni(II). The
ehaviour of activated sludge was also tested at the presence of three Ni(II) and Co(II) quotas, at various concentrations (75%Ni–25%Co (w/w),
0%Ni–50%Co (w/w) and 25%Ni–75%Co (w/w)). All the mixtures stimulated more drastically the activated sludge growth at relatively small
oncentrations, compared with the stimulation of equal concentrations of single species, whilst they also acted as more potent inhibitors at relatively

igh concentrations. Based on the isobole method, the data indicated that Ni(II) and Co(II) acted synergistically at the increasing stimulation and
t the intoxication zones, whilst an antagonistic relation determined at the decreasing stimulation zone. Under the light of the present study, it is
bvious that interactions (particularly synergism) between different metallic species should be taken into account in the methodologies used to
stablish criteria for tolerance levels in the environment.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metals are commonly encountered in municipal and
ndustrial effluents, usually causing negative effects to the effi-
iency of the treatment plants [1]. However, trace amounts
f selected heavy metals have often beneficial effects on the
iodegradation of liquid wastes [2,3], whilst addition of small
mounts of heavy metals has been practiced in order to enhance
he biodegradability of weak wastewaters, such as graywater
4]. Thus, some heavy metals (like Fe, Cu, Co, Ni, Zn) are con-
idered as “essential” elements for microbial growth, whilst no
iochemical role has been assessed, up to now, for other ones

like Cd, Hg, As, Ag, Au), which are considered as “nonessen-
ial” elements [5]. The “essential” heavy metals often function as
rotein stabilizers, as catalysts for biochemical reactions, as gene
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xpression regulators, and as osmotic balance controller, across
arious microbial membranes [6]. The resistance of bacteria to
eavy metals has been proved to be genetically oriented, either
ue to chromosomal or due to plasmid determinants [7]. “Essen-
ial” metal resistance mechanisms are usually chromosome-
ased, and more complex than plasmid-based, which usually
re encoded systems for the efflux of toxic concentrations of
etals [8]. Thus it is obvious that the resistance of a mixed
icrobial population, such as the activated sludge, to a particu-

ar heavy metal is determined by the specific resistance of each
icrobial species and by the interactions between the popula-

ions of the existing species. Additionally, it has been proved
hat the response of microorganisms to the exposure on multiple
eavy metals may vary, compared with their response to sin-
le heavy metals. The combined effect of more than one heavy

etal to a microbial population can be greater than the sum of the

ffects of each metal individually, according to a phenomenon
alled synergism [9,10], or vice versa, when antagonistic rela-
ion exists between the heavy metals [11,12]. Relations that are

mailto:petrosgikas@yahoo.gr
dx.doi.org/10.1016/j.jhazmat.2006.09.019
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either synergistic nor antagonistic and whose effect is the sum
f the effects when the microorganisms are exposed to each
etal alone are called additive interactions [13,14]. Thus, the

ccurrences of interactions between heavy metals (particularly
ynergism) have to be taken into account for the establishment
f the tolerance levels of metals in the environment.

A number of methods have been proposed to characterize
he type of the effect on a biological system, which is produced
ue to the simultaneous presence of more than one substance,
n relation to the effects, which are produced due to presence of
ndividual substances. The method of effect summation (accord-
ng to which the effects of specified doses of two individual
ubstances is compared with the response yielded by the com-
ined doses of the same substances) has been extensively used
o assess the joint effects of heavy metals on microorganisms
10,15]. However, this method can be successfully applied only
f the dose response curves of the individual substances follow a
inear pattern (which is the exception in toxicity situations). Fail-
re to check this assumption (which is a common practice) may
ead into elusive conclusions [16]. This problem may be over-
ome, by comparing the equi-effective concentrations (i.e. the
oncentrations which yield the same result) of the individual sub-
tances and their mixtures. Such equi-effective concentrations
re used in the isobole method, which was originally introduced
s a graphical tool by Fraser [17,18], and was further developed
y Loewe and Muischnek [19], Loewe [20] and Berenbaum [21].
ccording to the isobole method, the effect of a substance when

t is applied jointly with other substances can be estimated by
ividing the concentration of the substance in the mixture with
he concentration of the same substance when it is applied singly,
hat yields the same effect as the mixture. The main advantage
f the method is its ability to compare the effects of substances
ith dissimilar response curves [16].
A number of studies [22,23] have indicated that the effects of

he concentration of the “essential” heavy metals on the microor-
anisms can be divided into three zones: the zone of increasing
timulation, the zone of decreasing stimulation, and the toxicity
one. The determination of the critical heavy metal concentra-
ion beyond of which growth stimulation gives place to growth
nhibition is of great significance for all those who work with

icrobial cultures at the presence of heavy metals. However, the
bove-mentioned critical point is not just a function of the partic-
lar heavy metal (or of the combination of heavy metals) and of
he type of microorganisms, since microorganisms have the abil-
ty to adapt with time to relatively higher concentrations of heavy

etals, according to a phenomenon called acclimation. Accli-
atized microorganisms often activate alternative biochemical

athways, which allow them to continue growing [24]. How-
ver, if the concentration of heavy metals to the cell environment
ncreases beyond to a point, cell metabolism can be totally con-
ained [25,26].

A number of methods have been proposed for measuring
etal toxicity in activated sludge systems, the more com-

only used ones include the measurement of enzymatic activity

27,28], the measurement of respiratory rate [29,30], the influ-
nce on the micro-organism growth parameters [23,31,32], and
he use of fluorescent and bioluminescence methods [33,34].
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Nickel and cobalt are both used for the production of strong
nd chemically inert, iron based, metallic alloys. They are also
sed in the electroplating industry, for the production of green
nickel) and blue (cobalt) paints and pigments, and as catalysts
n the chemical industry. The above uses illustrate the extensive
se of both metals, which consequently leads to unintentional
ontamination of the environment. On the top to the anthro-
ogenic contamination, nickel and cobalt enter into the aquatic
nvironment due to leakages from naturally occurring miner-
ls. Regardless of the source of pollution, it is the rule, that
ickel and cobalt are encountered together in the aquatic envi-
onment, and thus any study on the effects of the above metals
o the microorganisms should not ignore the joint effects of both
pecies. A confirmative factor of the interrelation of nickel and
obalt stands the fact that the microbial resistance genotypes
or both species are usually present in the same plasmid of
he microorganisms [35,36]. Also, similar biochemical trans-
ortation mechanisms through microbial membranes have been
dentified for both species [37].

Both metals are encountered in aqueous solutions as di-valent
Ni(II), Co(II)), whilst cobalt can occasionally be uncounted in
omplex forms as tri-valent (Co(III)) [38]. The last (Co(III)) can
e biochemically reduced into the di-valent form within the cells
39,40].

Both nickel and cobalt belong to the so-called “essential”
etals [24]. To date nickel has been identified as a component

n a number of enzymes, participating in important metabolic
eactions, such as: ureolysis, hydrogen metabolism, methane
iogenesis and acitogenesis [41–43]. Cobalt is an important co-
actor in Vitamin B12-depended enzymes [44], and an indispens-
ble component in a number of enzymes [45]. It has been proved
hat at relatively small concentrations both species can stimulate
erobic and anaerobic microbial growth, however, despite their
ositive role in microbial growth, both metals have toxic effects
t relatively high concentrations [2–4,46–50].

A number of studies have been carried out to investigate the
ffects of nickel and cobalt on the behaviour of activated sludge
4,27,30,48,50–52]. However, only a few studies deal with the
ffects of both species on activated sludge, and thus, since acti-
ated sludge characteristics exhibit significant variations from
tudy to study, it is hard to draw a clear conclusion about the rel-
tive toxicity of the examined metallic species. Even less work
as been performed to reveal the effects of the simultaneous
resence of both nickel and cobalt on activated sludge, which is
he common situation in activated sludge wastewater treatment
lants. This study aims to investigate the joint effects of Ni(III)
nd Co(II) on unacclimatised activated sludge, with ultimate tar-
et being the identification of the type of interaction (synergism,
ntagonism or addition) between the above species on activated
ludge growth.

. Materials and methods
.1. Experimental set-up and growth medium composition

The batch growth system has been described in detail else-
here [23]. In brief, the cultures were grown in 30 borosilicate



248 P. Gikas / Journal of Hazardous M

Table 1
Composition of growth medium used in all trials with the addition of calculated
amounts of Ni(II) or Co(II) in the form of Ni(NO3)2 and Co(NO3)2, respectively

Constituent Concentration

Peptone (mg L−1) 7500
Dextrose (mg L−1) 5000
Yeast extract (mg L−1) 5000
KH2PO4 (mg L−1) 210
K2HPO4 (mg L−1) 180
NH4SO4 (mg L−1) 300
MgSO4·7H2O (mg L−1) 100
NaNO3 (mg L−1) 25
Ca(NO3)2·4H2O (mg L−1) 100
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riton X-100 (mL L−1) 0.1

ylindrical tubes with working volume of 50 mL each. The tubes
ere attached in a specifically designed rack, and were partially

ubmerged in a 30 ◦C water bath, while air was pumped via 30
mall air pumps (Resun AC-2600, E.U.). Approximately 20 bub-
les of air per minute were dosed in each tube, via flexible PVC
oses, a sufficient flow to maintain saturated oxygen conditions
n the growth medium, and simultaneously to keep the biomass
n suspension.

The composition of the rich growth medium is shown in
able 1. Dextrose, peptone and yeast extract are the carbon pro-
iding sources. Nitrogen and phosphorus are provided by pep-
one and yeast, and are supplemented by ammonium and phos-
hate salts. Sufficient quantities of iron, magnesium and calcium
re also provided, whilst yeast extract serves as micronutri-
nt provider. Biomass flocculation was successfully controlled
y the addition of a small quantity (0.1 mL L−1) of Triton X-
00 (Union Carbide Chemicals Co. Inc., Germany). The con-
entration of Ni(II) and Co(II) in the fermentation tubes was
djusted with the addition of calculated amounts of Ni(NO3)2
nd Co(NO3)2, respectively. The pH of the growth medium
as adjusted just after inoculation to 7.0, with the addition of
NO3.

.2. Analytical techniques

Microbial growth measurements were performed using a U-
000 Hitachi (Japan) spectrophotometer at 600 nm. 0.5 mL of
ixed liquor was withdrawn from each tube every hour, and

fter appropriate dilution it was transferred to the spectropho-
ometer for the determination of the optical density (ABS). The
orresponding mixed liquor suspended solids (MLSS) concen-
ration was calculated by means of a calibration curve (Eq.
1)), which was obtained experimentally as follows: one litre
f growth medium was equally distributed in five conical flasks
ith nominal volume of 500 mL, and a 5 mL activated sludge

noculum was added. The flasks were then placed in a shaker at
0 ◦C, and when sufficient growth was observed the optical den-

ities and the dry weight concentration of the flask content was
etermined according to the following procedure: every hour
for the next 4 h), 30 mL of mixed liquor were extracted from
ach flask; the optical density was measured using 1 mL of the

O
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d
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ample, whilst the rest was immediately filtered through pre-
eighed filter paper with a pore size of 0.2 �m. The filter was
ashed twice with 100 mL of deionised water and then it was
eighted, after drying at 105 ◦C. Optical densities (ABS) were
lotted against dry weight, and the line which is determined by
he least square method is described by Eq. (1):

LSS = 1.1203 ABS + 0.0819 (R2 = 0.987) (1)

here MLSS is expressed in mg L−1.
The maximum specific growth rate (μmax) for each growth

urve was determined by applying Eq. (2) for the “linear” part
f each logarithmic growth curve.

n
MLSSi

MLSS0
= μmax(ti − t0) (2)

here MLSSi is the MLSS (mg L−1) at time equal ti, MLSS0
he MLSS (mg L−1) at the end of lag phase, μmax the maximum
rowth rate (h−1), ti the time at the point of measurement, and

0 is the time at the end of lag phase. μmax was calculated by
inear regression of all measured values.

.3. Activated sludge inoculum and experimental
rocedures

Activated sludge inoculum was obtained from the aeration
ank of the Athens municipal wastewater treatment plant in Psyt-
alia. The plant serves approximately 3,500,000 people from the
reater Athens (capital of Greece) area, and has an average
ydraulic load of about 800,000 m3 d−1. During the sampling
rom the plant, the sludge age was approximately 12 days, and
he sludge density was measured to be 4.2 g L−1. The inlet to the
rimary clarifier concentrations of Ni(II) and Co(II) have been
easured (using a 3100-Perkin-Elmer, USA, atomic absorption

pparatus with graphite furnace) as 38 and 11 �g L−1, respec-
ively, while the respective concentrations at the entrance of the
eration tank (the exit from the primary clarification) have been
easured as 25 and 9 �g L−1.
29.5 mL of rich growth medium among with 0.5 mL of acti-

ated sludge inoculum were placed in each try tube. The con-
entration of heavy metals in each tube was adjusted before
eeding by the addition of nitrate salts of Ni and Co. Two series
f trials were carried out using single heavy metal (Ni(II) or
o(II)) addition, and three more series of trials were contacted
sing combination of (Ni(II) and Co(II)) at the following quotas
w/w): 75%Ni–25%Co, 50%Ni–50%Co and 25%Ni–75%Co.
able 2 summarises the concentration of heavy metals in each
atch growth. Three tubes were used for each heavy metal con-
entration, making the total number of trials: 5 × 9 × 3 = 135,
lus the blank (three tubes). Following inoculation the tubes
laced in the water bath, and aeration started immediately.

ne sample was withdrawn every hour from each tube and

he optical density was measured using the spectrophotometer
escribed above. The total duration of incubation for each set
as 22 h.
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.4. Statistical screening of data

The Student’s t-distribution, with a 0.05 level of significance,
as used to reject the statistically extreme values of absorbance,

onsidering each single measurement. The statistical analysis
ndicated that six measurements out of 138 had to be withdrawn.

.5. Isobolograms

The type (synergism, antagonism or addition) of the joint
ffects of Ni(II) and Co(II) species on the growth rate of acti-
ated sludge, has been evaluated using the isobole method. An
sobole is a contour line that represents equi-effective quantities
f two substances and their mixtures. The line itself is drawn
y extrapolating the equi-effective points on the isobologram.
he location of the isobole line on the isobologram, in relation

o the theoretical straight line of additivity, indicates the type
f joint effects of the examined substances. For comprehensive
nalysis of the method the reader may refer to the review articles
y Wessinger [53] and Gessner [54].

. Results and discussion

.1. Effects of Ni(II)

Fig. 1 depicts the growth curves of activated sludge grow-
ng at different Ni(II) concentrations. As the concentration of
i(II) increased, the lag time of the culture increased, with the

xception of the growth curve obtained at Ni(II) concentration
f 1 mg L−1, where a slight decrease in lag time was observed,
ompared with the blank. The growth curves for Ni(II) concen-
rations up to 10 mg L−1 lied quite close each other, but they were
ot identical. Significantly prolonged lag times were observed
or Ni(II) concentrations over 40 mg L−1. This phenomenon has
een ascertained by Cobet et al. [55], who reported extension
f the lag time of the bacterium Arthobacter marinus, from 3
o 72 h at the presence of 0.4 mM (=23.5 mg L−1) Ni(II). In the
resent study, a weak biomass growth was observed at the pres-
nce of 80 and 160 mg L−1, after approximately 13 and 16 h of
ncubation, respectively; however, growth was not sustained at
i(II) concentration of 320 mg L−1 (at least during the first 22 h

fter inoculation). Limited research on activated sludge systems
as been carried out at relatively high Ni(II) concentrations (over
0 mg L−1). However, a number of studies have identified nickel
s trace element in various biological systems [41,56], while,
ome microorganisms (like the cyanobacterium Oscillatoria sp.
57]) demonstrate an absolute metabolic requirement for nickel.
uxbury [58], has proposed that bacterial strains able to grow at
i(II) concentrations higher than 1.70 mM (∼=100 mg L−1) may
e characterized as Ni-tolerant species. Schmidt and Schlegel
59], have isolated bacterial strains from metal processing
astewater treatment plants, capable of growing at NiCl2 con-

entrations up to 20 mM (1174 mg(Ni) L−1), they also managed

o enrich bacterial strains from ordinary soil, able to grow
n media containing up to 1 mM Ni(II) (=58.71 mg(Ni) L−1).
pingael et al. [60], reported that they managed to construct
by plasmid transfer) several stains of Alcaligenes eutrophus
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Fig. 1. Growth curves (MLSS concentration vs. time) for activated sludge g

ble to degrade haloaromatic compounds in a growth medium
ontaining 1 mM Ni(II) (=58.71 mg(Ni) L−1). Otth et al. [61],
ave experimentally estimated the minimal inhibition concen-
ration of Ni(II) on 49 strains of Arcobacter butzleri to lie
ust below 4 mM (=236 mg L−1), while for one strain it was
ound to be just below 8 mM (=472 mg L−1). In accordance
ith the results in the present work, Ainsworth et al. [9], who
orked with batch cultures of Klebsiella pneumoniae, con-

luded that an increase of the Ni(II) concentration resulted,
oth, to prolonged lag times, and to a decrease of the final
LSS concentration. More specifically, they reported a reduc-

ion on the MLSS from 41.2 to 15.9 mg L−1 when the Ni(II)
oncentration in the growth medium was increased from 300 to
00 mg L−1. They also reported a 50% reduction in microorgan-
sm survival, by the use of viability counts on agar plates, at a
i(II) concentration of 6.65 mg L−1. Babich and Stotzky [10],
ho investigated the effects of Ni(II) concentration towards the
rowth of heterotrophic microorganisms, reported that statisti-
ally significant inhibition was occurred above 5–10 mg(Ni) L−1

or Bacillus subtilis, Nocardia corallina and Candida krusei,
bove 10–25 mg(Ni) L−1 for Aspergillus flavipes and above
5–50 mg(Ni) L−1 for Enterobacter aerogenes, however, all
he examined microorganisms were able to grow, at reduced
ates, at significantly higher Ni(II) concentrations. The same
esearchers [62] reported complete growth containment between
0 and 30 mg(Ni) L−1 for N. corallina, at 30 mg L−1 for Bacil-
us brevis, between 40 and 50 mg L−1 for Bacillus megaterium,
seudomonas aeruginosa, Nocardia rhodochrous and Asticca-
aulis excentricus, at 50 mg L−1 for Serratia marcescens, and
ver 100 mg L−1 for Caulobacter leidyi.

Fig. 2 depicts the maximum growth rate of biomass (μmax)
ersus Ni(II) concentration. μmax appears to increase when
he Ni(II) concentration increases from 0 to 10 mg L−1, there-

fter decreasing gradually to nil (at concentrations higher than
60 mg L−1). Based on linear regression, and according to Fig. 2,
he μmax of the blank (μmax0) is smaller compared with the

max values observed at the presence of approximately up

d
a

b

h at different Ni(II) concentrations. The total duration of the trial was 22 h.

o 27 mg L−1 of Ni(II) (the μmax at Ni(II) concentration of
0 mg L−1 is marginally smaller compared to the blank). The
bove data indicate that Ni(II) stimulates the aggregate acti-
ated sludge growth at concentrations below approximately
7 mg L−1, while at higher concentrations it acts as a growth
ntoxicator. Yetis and Gokcay [51], and Gokcay and Yetis [50],
ho studied the effect if Ni(II) on the performance of a continu-
us activated sludge system, reported duplication of the MLSS
fter gradual increase of Ni(II) concentration from 0 to 5 mg L−1,
hile a further increase of Ni(II) to a concentration to 10 mg L−1

esulted to an MLSS concentration slightly higher than the one
easured at zero Ni(II) concentration. Sujarittanonta and Sher-

ard [27], who worked with a continuous bioreactor set-up found
hat addition of Ni(II) at concentrations between 1 and 5 mg L−1

nhanced, both, the maximum biomass yield and the mainte-
ance coefficient of activated sludge. They attributed the above
ffects either to a shift in microbial species with different phys-
ological properties, or to the stimulatory effects of nickel to

icrobial activity. Gikas and Romanos [52], who worked with
ctivated sludge growing in a batch system, reported stimula-
ion with Ni(II) concentrations up to approximately 40 mg L−1

beyond of which the Ni(II) was acted as growth inhibitor), with
aximum stimulation concentration of about 20 mg L−1. The

bove results are in general agreement with the results obtained
n the present study, taking into account that most of those have
een obtained in continuous systems, which are vulnerable to
ncreases of the concentrations of growth inhibitors due to wash-
ng out. On the other hand, in batch systems, like the one, which
sed in the present study, a weak growth (small μmax values)
an be sustained at higher heavy metal concentrations (despite
he prolonged lag phase). The stimulatory effects of nickel have
een widely acknowledged in anaerobic growth [63]; however,
he present work has been primarily focused on results obtained

uring aerobic growth processes, which are closer related to the
ctivated sludge process.

A number of researchers have reported only growth inhi-
ition due to the presence of Ni(II) in the environment of the
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ig. 2. (a) Calculated values of μmax vs. the concentrations of Ni(II), Co(II) an
oncentrations up to 35 mg L−1. The equi-concentratios (which produces the sa
he X and Y-axes.

icroorganisms. Amor et al. [64], who studied the effects of
everal heavy metals on Bacillus sp. growing on toluene, did not
bserve stimulatory effects for Ni(II) concentrations between
.4 and 1.0 mM (∼=24–60 mg L−1), however, they did not carried
ut any trials at smaller Ni(II) concentrations. Kelly et al. [34],
etermined the EC50 values for activated sludge at the presence
f Ni(II), by the use of bioluminesence, to lie over 100 mg L−1,
hile the same value was measured as 76 mg L−1, by the use
f the SOUR (specific oxygen uptake rate) method. Cobet et al.
55], reported that 0.1 mM of NiCl2 (=5.9 mg(Ni) L−1), slightly
ffected the growth of the marine bacterium Arthrobacter mar-
nus, while a more pronounced effect was induced by the addi-
ion of 0.4 mM (=23.5 mg(Ni) L−1), and finally, the addition

f 0.5 mM (=29.3 mg(Ni) L−1), resulted to sustention of cell
ivision. They also reported increase of the lag phase with the
ise if Ni(II) concentration (from 3 to over 70 h at the pres-
nce of 0.4 mM Ni(II)), and transfiguration of the cells into

M
v
r
r

tures (w/w): 75%Ni–25%Co, 50%Ni–50%Co, 25%Ni–75%Co. (b) Detail for
fects at each studied case) and the relative responses appear with small fonts at

egalomorhic type (the cell size increased up to 250 times
he normal size after 10 h of incubation at the presence of
.4 mM Ni(II)). McDermott et al. [65], reported that the overall
fficiency of a continuous activated sludge plant was signif-
cantly affected by the presence of 2.5, 5 and 10 mg L−1 of
i(II) in the feed stream, while the system was able to with-

tood the continuous presence of 1 mg L−1. They also reported
hat a slug dose of 200 mg L−1 caused serious reduction in
he treatment efficiency for a few hours, but within 40 h the
lant had returned to its normal performance. Geslin et al.
66], who experimented with a pure culture of Escherichia
oli growing in a batch system, measured the Ni(II) minimal
nhibitory concentration to be 0.2 mM (=11.74 mg L−1). Finally,
owat [30], who measured the respiratory activity of acti-
ated sludge at the presence of 1, 5, 10 and 20 mg(Ni) L−1

eported a reduction of 22.6, 44.6, 57.3 and 62.7%,
espectively.
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Fig. 3. Growth curves (MLSS concentration vs. time) for activated sludge g

.2. Effects of Co(II)

The effects of Co(II) on the growth curves of activated sludge
re depicted in Fig. 3. A similar trend with the growth curves
btained at the presence of Ni(II) can be observed. The lag
ime was particularly prolonged for Co(II) concentrations over
0 mg L−1, whilst a weak increase in MLSS could be observed,
fter approximately 17 h from inoculation, at Co(II) concentra-
ion of 160 mg L−1. No growth was observed at Co(II) con-
entration of 320 mg L−1. The effects of cobalt on the growth
f microorganisms have been studied to a lesser extent com-
ared with the relative work on the effects of nickel, which
ay be probably attributed to the fact that nickel has more

ndustrial applications compared to cobalt. In agreement with
he above results, Ainsworth et al. [9], who worked with K.
neumoniae, reported, both, increase of lag time, and decrease
f final MLSS concentration with the increase of Co(II) con-
entration in the growth medium. Cobalt has been identified as
trace element by a number of researchers [2,4], but only a

ew microorganisms are able to grow at relatively high Co(II)
oncentrations. Evans and Mason [67] have reported 120%
ncrease of the activity of the bacterial clostridiopetidase-A with
he addition of Co(II). Duxbury and Bicknell [68] have iso-
ated, from metal-polluted soil, a bacterial stain able to resist
o the presence of up to 3 mM of Co(II) (=176.8 mg L−1).
chmidt and Schlegel [59] have isolated, from metal process-

ng wastewater treatment plants, bacterial strains able to grow
t CoCl2 concentration of up to 20 mM (=1178.6 mg L−1). Otth
t al. [61] have reported that A. butzleri was able to grow at
he extreme Co(II) concentration of 80 mM (=4714.4 mg L−1).
imilarly to nickel, cobalt is also an anaerobic growth micro-
ial stimulant [69], but for the reason stated above, this
tudy does not give particular weight on anaerobic growth
ituations.
Fig. 2 illustrates the effects of Co(II) concentration on the
aximum specific growth rate (μmax) of activated sludge. μmax

ppeared to rise with the increase of Co(II) concentration for
oncentrations up to 5 mg L−1, while Co(II) concentration of

t
F
r

at different Co(II) concentrations. The total duration of the trial was 22 h.

0 mg L−1 resulted to a μmax value slightly smaller than the
ne of the blank (μmax0) (linear regression indicated that the
ecreasing concentration–toxicity crossover point was approx-
mately 19 mg L−1). Further increase of Co(II) concentration
esulted to severe growth inhibition, while, μmax reached zero at
20 mg(Co) L−1 (at least for the incubation time allowed during
he present trials). In accordance with the above results, Jef-
erson et al. [4], have reported aerobic growth stimulation with
he addition of cobalt in a graywater treatment system. More
pecifically, they stated that addition of Co(II) at a concentra-
ion of 5 mg L−1 resulted to 30% increase of COD removal rate.
imilarly, Sathyanarayana Rao and Srinath [48] have reported
emarkable stimulation of activated sludge growth with the addi-
ion of 5 mg(Co) L−1.

Some studies have failed to determine stimulatory effects
o microbial growth due to the presence of small amounts of
o(II). Norberg and Molin [70] who experimented with the
acterium Zoogloea ramigera (a common aerobic microorgan-
sm in sewage treatment plants) reported a slight reduction in

icrobial growth when Co(II) was added at concentrations up
o 5 mg L−1, while Co(II) concentration of 10 mg L−1 resulted
o significant increase of lag time with parallel reduction of the

LSS concentration, while, no growth was observed with the
ddition of 50 mg(Co) L−1 (at least during the duration of the
rial, which was 32 h). Chen et al. [71] have estimated the EC0
maximal “no-response” concentration), EC20 and EC50 values
or P. aeruginosa growing in a batch system to be 1.15, 27.1
nd 150 mg(Co) L−1, respectively. Finally, Mowat [30] reported
eduction of the respiratory activity of activated sludge by 16.2,
0.2, 54.7 and 58.2% with the addition of Co(II) at concentra-
ions of 1, 5, 10 and 20 mg L−1, respectively.

.3. Effects of joint Ni(II) and Co(II)
The effects of simultaneous presence of Ni(II) and Co(II)
o the maximum growth rate of activated sludge are depicted in
ig. 2. Three quotas (w/w) of Ni(II) and Co(II) were tested for the
ange of concentrations shown in Table 2. The growth patterns
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Fig. 4. Isobologram showing the equi-effective concentrations of individual
species and mixtures for 10% increase of μmax, compared to the specific growth
rate of the blank (μmax0), at the zone of increasing stimulation. The equi-effective
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Fig. 6 depicts the isobolographic situation for a 50% reduc-
tion of the μmax (0.1057 h−1 × 0.50 = 0.0528 h−1), in relation to
the μmax0 value (at the toxicity zone). All the equi-concentration

Fig. 5. Isobologram showing the equi-effective concentrations of individual
species and mixtures for 10% increase of μmax, compared to the maximum
P. Gikas / Journal of Hazardo

ere similar to the patterns of the single ions, with somehow
ore prolonged lag phases (data not shown).

(i) 75%Ni–25%Co: According to Fig. 2, μmax appeared
to increase by approximately 31.3% of the μmax0
(=0.1057 h−1) (maximum growth rate of the blank) value,
at a joint concentration of 20 mg L−1, followed by a dras-
tic decrease at joint concentrations higher than 30 mg L−1,
whilst, no growth was observed (during the time of the
experiments) at a joint concentration of 160 mg L−1.

(ii) 50%Ni–50%Co: This mixture increased the μmax by
approximately 27.0% of the μmax0 value, at a joint con-
centration of 20 mg L−1. Further increase of the joint con-
centration resulted to a decrease of μmax, but at a reduced
rate compared to the 75%Ni–25%Co mixture. Growth was
also nil at a joint concentration of 160 mg L−1.

iii) 25%Ni–75%Co: μmax rose by approximately 20.5% of
the μmax0 value, when the joint concentration reached
10 mg L−1, followed by gradual decrease for joint concen-
trations up to 30 mg L−1, while it was further decreased at
higher concentrations, and reached zero at a joint concen-
tration of 320 mg L−1.

From Fig. 2 it is obvious that, in all cases, the simultaneous
resence of Ni(II) and Co(II) stimulated the activated sludge
rowth to a higher degree compared with the stimulations due
o the presence of equal amount of sole Ni(II) or Co(II). For the

ixtures: 75%Ni–25%Co and 50%Ni–50%Co, μmax achieved
ts maximum at a joint concentration of 20 mg L−1 (which is
higher concentration compared with the ones for sole Ni(II)

=10 mg L−1) or for sole Co(II) (=5 mg L−1)), while the max-
mum stimulant concentration for the mixture 25%Ni–75%Co
as measured as 10 mg L−1. From Fig. 2, can be concluded

hat a given increase of μmax may be achieved at two dif-
erent doses of a particular mixture of Ni(II)–Co(II) (includ-
ng the case of single species): a smaller one at the zone of
ncreasing stimulation and a relatively higher at the zone of
ecreasing stimulation. This given increase of μmax, at the zone
f increasing stimulation demands smaller concentrations of
i(II)–Co(II) mixture, compared with the corresponding con-

entrations of the sole species, indicating synergy between Ni(II)
nd Co(II). This is graphically illustrated by the use of the
sobole method, for an increase of μmax by 10% of the μmax0
alue (0.1057 h−1 × 1.10 = 0.1163 h−1), in Fig. 4. The concen-
rations of the metal species, which produce the same effect to

max have been estimated by linear regression between the near-
st points (see Fig. 2). All the points of mixed species appear
o the left of the theoretical straight line of additivity on the
sobologram, which is the characteristic pattern of synergy. The
ashed isobole line, which represents the equi-concentration
as been drawn arbitrary, since more data are needed for a
recise draw.

The opposite phenomenon is observed at the zone of decreas-

ng stimulation, since in this case, for a given rise of the μmax,
igher quantities of joint concentrations demanded for mixed
pecies, compared to the corresponding equi-concentrations of
he sole species. Fig. 5 shows the isoboles, which correlates with

s
T
a
T
2

oncentration for Ni(II) and Co(II) have been estimated as 2.7 and 4.1 mg L ,
espectively. The interaction between Ni(II) and Co(II) characterized as syner-
ic, since all the isobole points lie at the left of the theoretical straight line of
dditivity. (The isobole line has been drawn arbitrary.)

n increase of the μmax by 10% of the μmax0 value, at the zone
f decreasing stimulation. All the equi-concentration points of
he mixture are well to the right of the theoretical straight line
f additivity, indicating antagonistic relation between Ni(II) and
o(II).
pecific growth rate of the blank (μmax0), at the zone of decresing stimulation.
he interaction between Ni(II) and Co(II) characterized as antagonistic, since
ll the isobole points lie at the right of the theoretical straight line of additivity.
he equi-effective concentration for Ni(II) and Co(II) have been estimated as
0.2 and 7.4 mg L−1, respectively. (The isobole line has been drawn arbitrary.)
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Fig. 6. Isobologram showing the equi-effective concentrations of individual
species and mixtures for 50% decrease of μmax, compared to the specific growth
rate of the blank (μmax0), at the toxicity zone. The interaction between Ni(II)
and Co(II) characterized as synergic, since all the isobole points lie at the left
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f the theoretical straight line of additivity. The equi-effective concentration for
i(II) and Co(II) have been estimated as 75 and 58 mg L−1, respectively. (The

sobole line has been drawn arbitrary.)

oints of the mixtures lying to the left of the theoretical straight
ine of additivity, indicating synergy between Ni(II) and Co(II).

From the above investigations it is obvious that the character-
zation of the type (synergy, antagonism, additivity) of the joint
ffect of two substances on the maximum growth rate may not be
erived just by simple test at one concentration level, since at a
ifferent level the relationship may be inverted. In the present sit-
ation, and based on the shape of the μmax–concentration curves
Fig. 2), the categorization into three individual zones appears
easonable. It is wise noting, that the range of concentrations
etween approximately 30 and 40 mg L−1 acts as a transition
one between synergism and antagonism, thus any attempt to
haracterize the Ni(II)–Co(II) relation in this zone is particu-
arly precarious.

It is worth noting, that the use of the effect summation method
nstead of the isoble one, can lead into different estimations
egarding the type of the effects of Ni(II) and Co(II) on activated
ludge growth, however, the use of the effect summation method
an often lead into false conclusions [16], particularly if the dose
esponse curves are not linear (which is the case in the present
tudy).

A number of works has been published on the type of the
ffects of heavy metals to the growth of microorganisms, which
ange from strong synergism to strong antagonism. However,
ery little work has been published on the joint effects of Ni(II)
nd Co(II) on microorganisms. Ainsworth et al. [9], have char-
cterized the effect of Ni(II) and Co(II) to the growth of K.
neumoniae, as additive, based on viable counts on petri dishes.

n the other hand, Cross et al. [72], who investigated the joint

ffect of Ni(II) and Co(II) to the growth of cultured epithelial
ells, reported a strong synergy among the above species. More
pecifically, they measured the LD50 concentration for Ni(II) and

N
w
i
a

aterials 143 (2007) 246–256

o(II) as 5.7 mM (=334.6 mg L−1) and 1.1 mM (=64.8 mg L−1),
espectively, whilst, the effect of a mixture of 0.75 mM Ni(II)
=44.0 mg L−1) and 0.75 mM Co(II) (=44.2 mg L−1), reduced
ell viability by more than three times the value predicted by the
dditive approach.

.4. Overall activated sludge behaviour at the presence of
i(II) and Co(II)

According to Fig. 2, Ni(II) appears as a more potent growth
timulator compared to Co(II), at relatively small concentra-
ions, whilst at larger concentrations Co(II) appears to inhibit
ctivated sludge growth more drastically than Ni(II). The last is
n agreement with studies by Wu et al. [73], and Alu et al. [74],
ho worked with E. coli and Pseudomonas putida, respectively,

nd reported that Co(II) is a stronger bacterial growth intoxica-
or. Schmidt and Schlegel [59] have also reported that bacterial
esistance to Co(II) is somehow lower compared with the resis-
ance to Ni(II). Bhattacharya et al. [75], who tested a large
umber of Vibrio parahaemolyticus strains, reported that 75%
f the stains were Ni(II) resistant, while only 37% were Co(II)
esistant. On the other hand, Mowat [30] suggested that both
pecies have more or less similar effect on the respiratory activ-
ty of activated sludge. Ainsworth et al. [9], who experimented
ith K. pneumoniae, found that Ni(II) is more inhibitory than
o(II), with respect to the duration of the lag times in batch cul-

ures; however, they reported equivalent toxicity of both species
ith respect to viable counts on agar plates. Finally, Otth et al.

61], reported that A. butzleri is more sensitive to Ni(II) than to
o(II).

Fig. 2 also shows that the maximum growth stimulation
ccurred when a relatively small amount of Ni(II) (25%, w/w)
as replaced by the equivalent amount of Co(II). The same mix-

ure was also the most toxic compared with all the other mixtures
nd with the individual species. The above observation suggests
hat relatively small amounts of Co(II) in a Ni(II) contaminated
rowth medium may alter the growth pattern of activated sludge
ore drastically than the opposite. It is however wise to note that

ickel and cobalt have similar chemical and physicochemical
roperties, since they appear side by side at the eighth column of
he periodic table of the elements, and their electronic structure
iffers by one electrode in the inner electronic shell ([Ar]3d84s2

or Ni; [Ar]3d74s2 for Co). They have similar electronegativ-
ties (1.9 for both species at the scale of Pauling, 1.75 for Ni
nd 1.70 for Co, at the scale of Allred and Rochow), while the
ffective radii of the hydrated ions at 30 ◦C have been calculated
no direct data exist) as 4.21 and 3.80 Å for Ni(II) and Co(II),
espectively.

The investigation of the stimulation–intoxication mecha-
isms is out of the scope of the present study, however, is
hould be noted that a number of environmental factors can
etermine the intention of the effects of the studied metallic
pecies on the microorganisms. A positive correlation between

i(II) and Co(II) toxicity and pH has been determined [10,62],
hile reduction of the toxic effects of the above species with the

ncrease of Mg(II) concentration has been referred [9,76]. To
void the influence of such environmental factors all trials were
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erformed under the same initial conditions, however, it was
xpected an decrease of the pH with the progress of microbial
rowth. Another important factor, which can affect the growth
attern at the presence of heavy metals is the fact that activated
ludge is a mixed culture, thus the overall effects may also be
ttributed to shifts of microbial species populations.

. Conclusions

The effects of Ni(II) and Co(II), as single species and in mix-
ure, to the growth pattern of unacclimatized activated sludge,
rowing on a synthetic rich medium, have been studied for a
atch growth system. The experimental data indicated that:

(i) Ni(II) and Co(II) stimulate activated sludge growth up to
approximate concentrations of 27 and 19 mg L−1 respec-
tively, exhibiting maximum stimulation at 10 and 5 mg L−1,
respectively.

(ii) Ni(II) is a more potent activated sludge growth stimulator
compared with Co(II).

iii) Co(II) is more toxic than Ni(II), at relatively high concen-
trations.

iv) The mixtures of Ni(II) and Co(II) are on the one hand more
potent growth stimulators (at relatively small concentra-
tions), and on the other hand more toxic (at relatively high
concentrations), compared with the equivalent concentra-
tions of the single species.

(v) Replacement of small amount of Ni(II) by equivalent
amount of Co(II) maximised, both, growth stimulation and
growth inhibition.

vi) Based on the isobole method, a synergic effect between
Ni(II) and Co(II) on activated sludge growth has been
identified for the zones of increasing stimulation and intox-
ication, whilst at the zone of decreasing stimulation the
above species were acted antagonistically.

Under the light of the present study, it is obvious that interac-
ions (particularly synergism) between different metallic species
hould be taken into account in the methodologies used to estab-
ish criteria for tolerance levels in the environment.

cknowledgment

The author wishes to thank Dr. George Sakellaris for pro-
iding unlimited access to the laboratory of the Department of
iological Studies of the National Hellenic Research Founda-

ion for the implementation of the present work.

eferences

[1] J.N. Lester, Significance and behaviour of heavy metals in wastewater
treatment processes, I. Sewage treatment and effluent discharge, Sci. Total
Environ. 30 (1983) 1–44.
[2] D.K. Wood, G. Tchobanoglous, Trace elements in biological waste treat-
ment, J. Water Pollut. Control Feder. 47 (1975) 1933.

[3] J.E. Burgess, J. Quarmby, T. Stephenson, Role of micronutrients in acti-
vated sludge-based biotreatment of industrial effluents, Biotechnol. Adv.
17 (1999) 49–70.

[

[

aterials 143 (2007) 246–256 255

[4] B. Jefferson, J.E. Burgess, A. Pichon, J. Harkness, S.J. Judd, Nutrient addi-
tion to enhance biological treatment of graywater, Water Res. 35 (11) (2001)
2702–2710.

[5] M.R. Bruins, S. Kapil, F.W. Oehme, Microbial resistance to metals in the
environment, Ecotoxicol. Environ. Safety 45 (2000) 198–207.

[6] G. Ji, S. Silver, Bacterial resistance mechanisms for heavy metals of envi-
ronmental concern, J. Indust. Microbiol. 14 (1995) 61–75.

[7] S. Silver, L.T. Phung, Bacterial heavy metal resistance: new surprises, Ann.
Rev. Microbiol. 50 (1996) 753–789.

[8] S. Silver, M. Walderhaug, Gene regulation and chromosome-determined
inorganic ion transport in bacteria, Microbiol. Rev. 56 (1992) 195–228.

[9] M.A. Ainsworth, C.P. Tompsett, A.C.R. Dean, Cobalt and nickel sensitivity
and tolerance in Klebsiella pneumoniae, Microbios 27 (1980) 175–184.

10] H. Babich, G. Stotzky, Synergism between nickel and copper in their tox-
icity to microbes: mediation by pH, Ecotoxicol. Environ. Safety 7 (1983)
576–587.

11] E.R. Christensen, J. Scherfig, P.S. Dixon, Effects of manganese, copper and
lead on Senastrum capricornutum and Cholorella stigmatophora, Water
Res. 13 (1979) 79–92.

12] P.V.D. Prasad, P.S.D. Prasad, Effect of cadmium, lead and nickel on three
freshwater green algae, Water Air Soil Pollut. 17 (1982) 263–268.

13] M.G.C. Baldry, D.S. Hogarth, A.C.R. Dean, Chromium and copper sensi-
tivity and tolerance in Klebsiella (Aerobacter) aerogenes, Microbios Lett.
4 (1977) 7–16.

14] F.H.A. Shehata, B.A. Whitton, Zinc tolerance in strains of blue-green algae,
Anacystis nidulans, Brit. Phycol. J. 17 (1982) 5–12.

15] A. Cabrero, S. Fernandez, F. Mirada, J. Garcia, Effects of copper and zinc
on the activated sludge bacteria growth kinetics, Water Res. 32 (1998)
1355–1362.

16] A. Kortenkamp, R. Altenburger, Synergism with mixtures of xenoestro-
gens: a reevaluation using the method of isoboles, Sci. Total Environ. 221
(1998) 59–73.

17] T.R. Fraser, An experimental research on the antagonism between the
actions of physostigma and atropia, Proc. Royal Soc. Edin. 7 (1870/1871)
506–511.

18] T.R. Fraser, The antagonism between the actions of active substances, Brit.
Med. J. 2 (1872) 485–487.

19] S. Loewe, H. Muischnek, The effects of combinations: 1. Mathematical
basis of the problem, Arch. Exp. Pathol. Pharmakol. 114 (1926) 313–326
(article in German).

20] S. Loewe, The problem of synergism and antagonism of combined drugs,
Arzneimittelforchung 3 (1953) 285–290 (article in German).

21] M.C. Berenbaum, Criteria for analyzing interactions between biologically
effective active agents, Adv. Cancer Res. 35 (1981) 269–335.

22] P.L. McCarthy, Anaerobic waste treatment fundamentals. Part III. Toxic
materials and their control, Public Works 95 (11) (1964) 91.

23] P. Gikas, P. Romanos, Effects of tri-valent (Cr(III)) and hexa-valent (Cr(VI))
chromium on the growth rate of activated sludge, J. Hazard. Mater. B 133
(2006) 212–217.

24] D.H. Nies, Resistance to cadmium, cobalt, zinc, and nickel in microbes,
Plasmid 27 (1992) 17–28.

25] M.M. Bagby, J.H. Sherrard, Combined effects of cadmium and nickel on
the activated sludge process, J. Water Pollut. Control Feder. 53 (11) (1981)
1609–1619.

26] A. Garcia-Toledo, H. Babich, G. Stotzky, Training Rhizopus stolonifer and
Cunninghamella blakesleeana to copper: cotolerance to cadmium, cobalt,
nickel and lead, Can. J. Microbiol. 31 (1985) 485–492.

27] S. Sujarittanonta, J.H. Sherrard, Activated sludge nickel toxicity studies, J.
Water Pollut. Control Feder. 53 (4) (1981) 1314–1322.

28] C.D. Boswell, R.E. Dick, L.E. Macaskie, The effect of heavy metals and
other environmental conditions on the anaerobic phosphate metabolism of
Actinobacter johnsonii, Microbiology 145 (1999) 1711–1720.

29] P. Battistoni, G. Fava, M.L. Ruello, Heavy metal shock load in activated

sludge uptake and toxic effects, Water Res. 27 (5) (1993) 821–827.

30] A. Mowat, Measurement of metal toxicity by biochemical oxygen demand,
J. Water Pollut. Control Feder. 48 (5) (1976) 853–866.

31] G.M. Alsop, G.T. Waggy, R.A. Conway, Bacterial growth inhibition test,
J. Water Pollut. Control Feder. 52 (10) (1980) 2452–2456.



2 us M

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

56 P. Gikas / Journal of Hazardo

32] Z. Lewandowski, K. Janta, J. Mazierski, Inhibition coefficient (Ki) deter-
mination in activated sludge, Water Res. 19 (5) (1985) 671–674.

33] A. Mariscal, A. Garcia, M. Carnero, J. Gomez, A. Pinedo, J. Fernandez-
Crehuet, Evaluation of the toxicity of several heavy metals by fluorescent
bacterial bioassay, J. Appl. Toxicol. 15 (2) (1995) 103–107.

34] C.J. Kelly, N. Tumsaroj, C.A. Lajoie, Assessing wastewater metal toxic-
ity with bacterial bioluminescence in a bench-scale wastewater treatment
system, Water Res. 38 (2004) 423–431.

35] H. Liesegang, K. Lemke, R.A. Siddiqui, H.G. Schlegel, Characteriza-
tion of the inducible nickel and cobalt resistance determinant CNR from
pMOL28 of Alcaligenes eutroficus CH34, J. Bacteriol. 175 (3) (1993)
767–778.

36] G. Grass, C. Grosse, D.H. Nies, Regulation of the cobalt and nickel resis-
tance determinant from Ralstonia sp. strain CH34, J. Bacteriol. 182 (5)
(2000) 1390–1398.

37] O. Dagen, E. T, Substrate specificity of nickel/cobalt permeases: insights
from mutants altered in transmembrane domains I and II, J. Bacteriol. 184
(2002) 3569–3577.

38] A.I. Vogel, Vogel’s Qualitative Inorganic Analysis, Longman Scientific and
Technical, England, 1987.

39] J.R. Lloyd, Microbial reduction of metals and radionuclides, FEMS Micro-
biol. Rev. 27 (2/3) (2003) 411–425.

40] C. Liu, Y.A. Gorby, J.M. Zachara, J.K. Fredrickson, C.F. Brown, Reduc-
tion kinetics of Fe(III), Co(III), U(III), Cr(VI), and Tc(VII) in cultures of
dissimilatory metal-reducing bacteria, Biotechnol. Bioeng. 20 (80) (2002)
637–649.

41] R.P. Hausinger, Nickel utilization by microorganisms, Microbiol. Rev. 51
(1987) 22–42.

42] S.W. Ragsdale, Nickel biochemistry, Curr. Opin. Chem. Biol. 2 (2) (1998)
208–215.

43] S.B. Mulrooney, R.P. Hausinger, Nickel uptake and utilization by microor-
ganisms, FEMS Microbiol. Rev. 27 (2/3) (2003) 239–261.

44] A.R. Battersby, Biosynthesis of Vitamin B12, Acc. Chem. Res. 26 (1993)
15–21.

45] M. Kobayashi, S. Shimizu, Cobalt proteins, Eur. J. Biochem. 261 (1999)
1–9.

46] M.H. Geradi, Effects of heavy metals upon the biological wastewater treat-
ment process, Public Works 117 (1986) 77–80.

47] G. Gonzalez-Gil, R. Kleerebezem, G. Lettinga, Effects of nickel and cobalt
on kinetics of methanol conversion by methanogenic sludge as assessed
by on-line CH4 monitoring, Appl. Environ. Microbiol. 65 (4) (1999)
1789–1793.

48] S. Sathyanarayana Rao, E.G. Srinath, Influence of cobalt on the synthesis
of Vitamin B12 in sewage during aerobic and anaerobic treatment, J. Sci.
Indian Res. C 20 (1961) 261–265.

49] S.K. Patidar, V. Tare, Influence of nutrients on biomass evolution in an
upflow anaerobic sludge blanket reactor degrading sulphate-laden organics,
Water Environ. Res. 76 (7) (2004) 2620–2627.

50] C.F. Gokcay, U. Yetis, Effect of nickel(II) on the biomass yield of the
activated sludge, Water Res. 34 (5/6) (1996) 163–171.

51] U. Yetis, C.F. Gokcay, Effect of nickel (II) on activated sludge, Water Res.
23 (8) (1989) 1003–1007.

52] P. Gikas, P. Romanos, Activated sludge growth stimulation and inhibition
by Cr(III), Cr(VI), Ni(II) and Cd(II), in: Proceedings of the 8th Conference
on the Protection and Restoration of the Environment, Chania, Greece,
2006.
53] W.D. Wessinger, Approaches to the study of drug interactions in
behavioural pharmacology, Neurosci. Biobehav. Rev. 10 (2) (1986)
103–113.

54] P.K. Gessner, Isobolographic analysis of interactions: an update on appli-
cations and utility, Toxicology 105 (2/3) (1995) 161–179.

[

aterials 143 (2007) 246–256

55] A.B. Cobet, C. Wirsen, G.E. Jones, The effect of nickel on a marine bac-
terium Arthobacter marinus sp, J. Gen. Microbiol. 62 (1970) 159–169.

56] L.E. Henriksson, F.J. DaSilva, Effects of some inorganic elements on
nitrogen-fixation in blue-green algae and some ecological aspects of pol-
lution, Zeitschrift fur Allgemeine Microbiologie 18 (7) (1978) 487–494.

57] C. Van Baalen, R. O’Donnell, Isolation of a nickel-dependent blue-green
alga, J. Gen. Microbiol. 105 (1978) 351–353.

58] T. Duxbury, Toxicity of heavy metals to soil bacteria, FEMS Microbiol.
Lett. 11 (1981) 217–220.

59] T. Schmidt, H.G. Schlegel, Nickel cobalt resistance of various bacteria iso-
lated from soil and highly polluted domestic and industrial wastes, FEMS
Microbiol. Ecol. 62 (1989) 315–328.

60] D. Spingael, L. Diels, L. Hooyberghs, S. Kreps, M. Mergeay, Construc-
tion, Characterization of heavy metal-resistant haloaromatic-degrading
Alcaligenes eutotrophus strains, Appl. Environ. Microbiol. 59 (1) (1993)
334–339.

61] L. Otth, G. Solis, M. Wilson, H. Fernandez, Susceptibility of Arcobacter
butzleri to heavy metals, Braz. J. Microbiol. 36 (2005) 286–288.

62] H. Babich, G. Stotzky, Nickel toxicity to microbes: effect of pH and impli-
cations for acid rain, Environ. Res. 29 (1982) 335–350.

63] C.-Y. Lin, Effect of heavy metals on the acitogenesis in anaerobic digestion,
Water Res. 27 (1) (1993) 147–152.

64] L. Amor, C. Kennes, M.C. Veiga, Kinetics of inhibition in the biodegra-
dation of monoaromatic hydrocarbons in presence of heavy metals, Biore-
source Technol. 78 (2001) 181–185.

65] G.N. McDermott, M.A. Post, B.N. Jackson, M.B. Ettinger, Nickel in rela-
tion to activated sludge and anaerobic digestion process, J. Water Pollut.
Control Feder. 37 (2) (1965) 163–177.

66] C. Geslin, J. Llanos, D. Prieur, C. Jeanthon, The manganese and iron super-
oxide dismutases protect Escherichia coli from heavy metal toxicity, Res.
Microbiol. 152 (2001) 901–905.

67] C. Evans, G.C. Mason, Studies on the stimulation of the bacterial,
collagenolytic enzyme clostridiopeptidase a by cobalt (II) ions, Int. J.
Biochem. 18 (1) (1986) 89–92.

68] T. Duxbury, B. Bicknell, Metal-tolerant bacterial populations from natural
and metal-polluted soils, Soil Biol. Biochem. 15 (3) (1983) 243–250.

69] M.H. Zandvoort, J. Gieteling, G. Lettinga, P.N.L. Lens, Stimulation of
methanol degradation in UASB reactors: in situ versus pre-loading cobalt
on anaerobic granular sludge, Biotechnol. Bioeng. 87 (7) (2004) 897–904.

70] A.B. Norberg, N. Molin, Toxicity of cadmium, cobalt, uranium and zinc to
Zoogloea ramigera, Water Res. 17 (10) (1983) 1333–1336.

71] B.-Y. Chen, C.-H. Wu, J.-S. Chang, An assessment of the toxicity of metals
to Pseudomonas aeruginosa PU21 (Rip64), Bioresource Technol. 97 (15)
(2006) 1880–1886.

72] D.P. Cross, G. Ramachandran, E.V. Wattenberg, Mixtures of nickel and
cobalt chloride effects: implications for exposure modeling, Ann. Occup.
Hyg. 45 (5) (2001) 409–418.

73] L.F. Wu, C. Navarro, K. de Pina, M. Quenard, M.A. Mandrand, Antago-
nistic effect of nickel on the fermantative growth of Escherichia coli K-12
and comparison of nickel and cobalt toxicity on the aerobic and anaerobic
growth, Environ. Health Perspect. 102 (Suppl. 3) (1994) 297–300.

74] I. Alu, A.V. Gavriushkin, T.V. Siunova, L.A. Khasanova, Z.M. Khasanova,
Resistance of certain strains of pseudomonas bacteria to toxic effect of
heavy metal ions, Mikrobiologiia 68 (3) (1999) 366–374 (article in Rus-
sian).

75] M. Bhattacharya, P. Choudhury, R. Kumar, Antibiotic- and metal-resistant

strains of Vibrio parahaemolyticus isolated from shrimps, Microbial Drug
Resist. 6 (2) (2000) 171–172.

76] W. Webb, The mechanism of acquired resistance to Co2+ and Ni2+ in gram-
positive and gram-negative bacteria, Biochim. Biophys. Acta 222 (1970)
440–446.


	Kinetic responses of activated sludge to individual and joint nickel (Ni(II)) and cobalt (Co(II)): An isobolographic approach
	Introduction
	Materials and methods
	Experimental set-up and growth medium composition
	Analytical techniques
	Activated sludge inoculum and experimental procedures
	Statistical screening of data
	Isobolograms

	Results and discussion
	Effects of Ni(II)
	Effects of Co(II)
	Effects of joint Ni(II) and Co(II)
	Overall activated sludge behaviour at the presence of Ni(II) and Co(II)

	Conclusions
	Acknowledgment
	References


