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Effects of tri-valent (Cr(III)) and hexa-valent (Cr(VI)) chromium
on the growth of activated sludge
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Abstract

The effects of Cr(VI) and Cr(III) species on the activated sludge growth rate have been assessed for a batch growth system, for a range of
chromium concentration between 0 and 320 mg l−1. Cr(VI) was found to stimulate microbial growth for concentrations up to about 25 mg l−1,
exhibiting maximum growth stimulation at 10 mg l−1, whilst the lethal dose was found to be between 80 and 160 mg l−1. On the other hand, Cr(III)
was also found to stimulate microbial growth for concentrations up to about 15 mg l−1, (with a maximum stimulation concentration at 10 mg l−1),
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hilst the lethal dose was found to lie between 160 and 320 mg l−1. The results indicate that Cr(VI) is more toxic to biomass at relatively high
oncentrations (higher than 70 mg l−1) whilst it has a more pronounced growth stimulation effect at relatively smaller concentrations (less than
5 mg l−1), compared with Cr(III).

2005 Elsevier B.V. All rights reserved.
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. Introduction

In general, heavy metals are considered as toxic compounds
hat inhibit the growth of micro-organisms [1,2], although their
rowth is often stimulated by the presence of trace amounts
f selected heavy metals [3,4]. The relative response of micro-
rganisms to the presence of heavy metals is demonstrated quite
legantly by a figure drawn as early as 1964 by McCarthy [5]
Fig. 1), who classifies these effects, in relation with the heavy
etal concentration, into three zones: (i) the zone of increasing

timulation, (ii) the zone of decreasing stimulation and (iii) the
oxicity zone. The addition of small amounts of heavy metals to
he cell environment is usually beneficial to the cell growth, up
o the point at which the optimum concentration is surpassed,
nd a relative decrease of the stimulation effect is observed.
urther increase of the heavy metal concentration will have an
dverse effect on the cell growth, until the complete reduction
f the microbial activity and the failure of the system. The crit-
cal point and the shape of the curve in Fig. 1 do not, however,
epend only on the type of the micro-organism and on the par-

ticular heavy metal, since the micro-organisms have the ability
to adapt with time to relatively higher concentrations of heavy
metals, according to a phenomenon called acclimation. Acclima-
tion usually involves the use of alternative metabolic pathways,
which are not disrupted (or least disrupted to a lesser degree)
by the presence of heavy metals. This process is, nevertheless,
limited and the cell may not be able to further acclimation at
relatively higher concentrations, resulting in complete contain-
ment of biological activity [6,7]. When the heavy metals are
applied to mixed cultures, such as activated sludge, an even
wider tolerance is expected, due to the high diversity of the
micro-organisms present in the process. Thus, some species may
be significantly affected, whilst others may adapt to the new
environment [8]. Despite the fact that the above phenomena
have been studied quite extensively, the scientific community
has not clearly concluded whether the presence of particular
heavy metals inhibit or stimulate microbial growth. An even
greater ambiguity exists regarding the establishment of growth-
stimulating and toxic doses of heavy metals.

A number of methods has been proposed for measuring metal
toxicity in activated sludge systems, the more commonly used
ones include the measurement of enzymatic activity [9,10], the
∗ Corresponding author. Tel.: +30 210 6444410; fax: +30 210 6452753.
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measurement of respiratory rate [11,12] and the influence on the
micro-organism growth parameters [13,14].
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Fig. 1. The effect of heavy metal concentrations on biological reactions (adapted
from McCarthy [5]).

Chromium is considered as toxic to aquatic environment. The
main sources of chromium are the chemical and electroplat-
ing industry and the leather tanneries. Chromium species are
encountered in the industrial wastewater in the oxidation stages
of III (tri-valent) and VI (hexa-valent). Hexa-valent chromium
is regarded as more toxic. Indeed, the tri-valent chromium tends
to accumulate in the cell membrane, whilst the hexa-valent
chromium is capable of penetrating the membrane into the cyto-
plasm, where it is reduced to tri-valent chromium and reacts with
the intracellular material [15–18].

A number of studies have been carried out on activated
sludge to investigate the effects of chromium species on its
growth behaviour [4,12,19–21]. A few studies only deal with
the effects of both species of chromium to activated sludge,
and thus, since activated sludge characteristics exhibit signif-
icant variations from study to study, it is hard to draw a clear
conclusion about the relative toxicity of the chromium species.
This study aims to investigate the effects of Cr(III) and Cr(VI)
on unacclimatised activated sludge, with ultimate target being
the classification of the toxicity effects of the above Cr species
to micro-organisms. Since some of the existing studies indi-
cated that relatively high doses of chromium (e.g. 25 mg l−1 of
Cr(VI)) had either stimulating [4] or inert [22] effects on biomass
growth, a wide range of concentrations have been employed, in
order to also identify the lethal doses. It should be pointed out
that the actual concentration of Cr species in the growth medium
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Table 1
Composition of growth medium used in all trials with the addition of calculated
amounts of Cr(III) or Cr(VI) in the form of Cr(NO3)3 and K2Cr2O7, 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
FeSO4·7H2O (mg l−1) 50
Triton X-100 (ml l−1) 0.1

placed in a special rack, and partially submerged in a 30 ◦C
water bath. 30 small air pumps (Resun AC-2600, E.U.) were
employed to aerate and to agitate the liquid content of the
flasks, by pumping air near the bottom of each flask, via a flex-
ible PVC hose, with nominal diameter of approximately 5 mm.
The air flow in each flask was adjusted (using a standard tube
clamp) to approximately 20 bubbles of air per minute, a suffi-
cient flow to maintain saturated oxygen conditions in the growth
medium.

2.2. Growth medium

The composition of the growth medium used throughout
the experiments, with the addition of calculated amounts of
Cr(III) or Cr(VI), is described in Table 1. Carbon is supplied
to the medium via dextrose, peptone and yeast extract. Pep-
tone and yeast extract are serving as nitrogen and phosphorus
sources, the concentrations of which are also supplemented by
the addition of ammonia and phosphate salts, making carbon the
growth limiting substrate. Magnesium, calcium and iron were
also added in sufficient quantities to the growth medium, whilst
other micronutrients were provided by the yeast extract. The
phosphate salts, apart from providing phosphorus to the micro-
organisms, also served as buffer to stabilise the pH. Biomass
flocculation during growth was controlled by the addition of
Triton X-100 (Union Carbide Chemicals Co. Inc, Germany).
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uring the experiments may be somehow different than the cal-
ulated concentrations, due to the following reasons: (i) due to
ccumulation of Cr in biomass [23,24] and (ii) due to the bio-
ransformation of Cr(VI) into Cr(III) [15–18]. This work aims
o investigate the growth pattern of activated sludge growing in
rich medium at the presence of calculated quantities of Cr(VI)
r Cr(III), and not to investigate the fate of Cr species in the
icrobial culture.

. Experimental

.1. Experimental setup

The experimental growth system consisted of 30 borosil-
cate cylindrical flasks with working volume of 50 ml each,
ll growth medium substances were diluted in deionised water,
hereafter autoclaved for 20 min at 120 ◦C, and stored in a refrig-
rator at 4 ◦C. The pH of the medium was adjusted to 7.0 by the
se of HNO3.

.3. Analytical techniques

The microbial growth was monitored by measuring the opti-
al density (ABS) of the mixed liquor at 650 nm, using a U-2000
itachi (Japan) spectrophotometer. Experiments with the spec-

rophotometer showed that aqueous suspensions of activated
ludge exhibited a maximum absorbance at 650 nm, whilst pure
rowth medium with the addition of Cr(III) and Cr(VI) (before
eeding) indicated a maximum absorbance at 350 nm, and almost
negligible absorbance at 650 nm, thus omitting interference on

he measurement of the microbial concentration from the growth
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medium itself. The mixed liquor suspended solids (MLSS) con-
centration was calculated by means of a calibration curve (Eq.
(1)), which was obtained experimentally, by the following pro-
cedure. Five 500 ml conical flasks were filled with 200 ml of
growth medium, inoculated with activated sludge and placed in
a shaker at 30 ◦C. Several hours later, when sufficient growth was
observed, the monitoring of optical densities and biomass con-
centrations were performed as follows: every hour (for the next
4 h), 30 ml of mixed liquor were extracted from each flask; the
optical density was measured using 1 ml of the sample, whilst the
rest was immediately filtered through pre-weighed filter paper
with a size cutoff of 0.2 �m. The filter was washed twice with
100 ml of deionised water and the filter paper was then weighted,
after drying at 105 ◦C. Optical densities (ABS) were plotted
against dry weight, yielding the curve of Eq. (1).

MLSS = 1.1519ABS + 0.1232 (1)

The maximum specific growth rate (µmax) for each growth
curve was determined assuming Monod type kinetics, and apply-
ing Eq. (2) for the “linear” part of each growth curve.

ln
MLSSi

MLSS0
= µmax(ti − t0) (2)

MLSSi is MLSS (mg l−1) at time ti; MLSS0, MLSS (mg l−1) at
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2.5. Statistical analysis

The Student’s t-distribution, with a 0.05 level of significance,
was used to reject the statistically extreme values of absorbance.
The statistical analysis indicated that 4 measurements out of 60
had to be withdrawn.

3. Results and discussion

3.1. Effects of Cr(VI)

Fig. 2 depicts the growth curves of activated sludge grow-
ing at different Cr(VI) concentrations. As the concentration of
Cr(VI) increases, the lag time of the culture increases. This phe-
nomenon is more pronounced for Cr(VI) concentrations higher
than 30 mg l−1. Biomass growth was sustained even at Cr(VI)
concentration of 80 mg l−1. Limited research has been carried
out at such high Cr(VI) concentrations; Vankova et al. [25] stud-
ied the activated sludge growth under Cr(VI), and have reported
growth sustainability at Cr(VI) concentration of 800 mg l−1,
after about 25 h of lag time, attributing the phenomenon either
to the gradual acclimatization of the activated sludge, or to
the reduction of Cr(VI) concentration due to the adsorption in
biomass flocks or due to the reaction with other substances which
were present in the growth medium.
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he end of lag phase; µmax, maximum growth rate (h−1); ti, time
t the point of measurement; t0 is time at the end of lag phase.
max was calculated by linear regression of all measured values.

.4. Experimental procedures

Activated sludge cultures were obtained from the aeration
ank of the Chalkis municipal wastewater treatment plant. The
lant serves approximately 90,000 people from the town of
halkis in Greece, and has a hydraulic capacity of about
500 m3 day−1. During the sampling from the plant which was
perated at steady state conditions, the sludge age was approx-
mately 10 days, and the sludge density was measured to be
.5 g l−1.

Prior to inoculation, the flasks were filled with 29.5 ml of
repared rich growth medium (Table 1). For every experimen-
al run, the concentration of Cr(III) and Cr(VI) in each flask,
as adjusted by the addition of calculated amounts of stan-
ard aqueous solutions of Cr(NO3)3 and K2Cr2O7, respectively.
ne series of trials was carried out at Cr(III) concentrations
f 0, 5, 10, 20, 30, 40, 80, 160, 320 and 640 mg(Cr) l−1,
hilst the other series was carried out at the same concentra-

ions of Cr(VI). Three flasks were used for each concentra-
ion and for each chromium species making a total number
f trials 2 × 10 × 3 = 60. Inoculation occurred by the addition
f 0.5 ml of activated sludge into the flasks which contained
he growth medium. The flasks were thereafter placed in the
ater bath, and aeration was started immediately. Three sam-
les were taken every hour from each flask and the optical
ensities were measured using the spectrophotometer described
bove.
On the other hand, and despite the relatively extended lag
imes, the biomass maximum growth rate (µmax) appeared
o take higher values at Cr(VI) concentrations up to about
5 mg l−1, compared to the blank, showing a maximum at
0 mg l−1. For Cr(VI) concentrations higher than 10 mg l−1,
max decreased and reached zero for concentrations greater

han 160 mg l−1 (Fig. 3). The above results are in relative
greement with those reported by Gokcay and Yetis [4], who
orked with a continuous reactor, and determined a continu-
us activated sludge growth stimulation with increasing Cr(VI)
oncentration from 0 to 25 mg l−1. However, their system was
ot tested for higher Cr(VI) concentrations, thus they did not
ttend to calculate the optimum Cr(VI) concentration for acti-
ated sludge growth. Moore et al. [22] have reported biomass
rowth stimulation with the addition of 5 mg l−1 of Cr(VI) and
o significant loss of treatment efficiency for Cr(VI) concen-

ig. 2. Growth curves (MLSS vs. time) for activated sludge growth at various
r(VI) concentrations.
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Fig. 3. Calculated values for µmax vs. Cr(VI) or Cr(III) concentration.

trations up to 50 mg l−1. Barth et al. [26] have also reported
insignificant loss of treatment efficiency for Cr(VI) concentra-
tions up to 10 mg l−1. On the contrary, Vankova et al. [25],
reported that the addition of even 2 mg l−1 of Cr(VI), caused
inhibition of the activated sludge respiration rate. Stasinakis et
al. [20], operated two parallel laboratory scale continuous flow
activated sludge plants and demonstrated that the addition of up
to 1 mg l−1 of Cr(VI) resulted in a non-statistically significant
(at a 95% confidence level) reduction of the organic substrate
uptake rate, whilst addition of 3 or 5 mg l−1 of Cr(VI) resulted
to a minor or to a 10% reduction of the organic substrate uptake
rate, respectively. In the same study, they reported that addi-
tion of 0.5 mg l−1 of Cr(VI) in a nitrifying culture, resulted in
74% reduction of NH4

+ uptake rate, indicating a higher sen-
sitivity of the autotrophic micro-organisms to the presence of
Cr(VI). Mazierski [19] worked with activated sludge growing in
a chemostat and found a continuous reduction in µmax with the
addition of Cr(VI) in concentrations between 0.1 and 11 mg l−1.
Despite working with relatively small Cr(VI) concentrations,
he did not report growth stimulation effects. Similarly to Stasi-
nakis et al. [20], Mazierski [27] also reported a severe reduction
of the growth of nitrifying micro-organisms by the addition of
0.2–0.6 mg l−1 Cr(VI). Also Mowat [12], and Lamb and Tollef-
ston [28] reported a steady reduction of culture activity with the
addition of up to 20 mg l−1 of Cr(VI). Finally, Stasinakis et al.
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Fig. 4. Growth curves (MLSS vs. time) for activated sludge growth at various
Cr(III) concentrations.

(vi) the different measuring methods and techniques used by
the researchers.

3.2. Effects of Cr(III)

The growth curves for activated sludge under different Cr(III)
concentrations are shown in Fig. 4. Microbial growth has been
observed for Cr(III) concentrations up to 160 mg l−1, whilst
higher values of Cr(III) concentrations resulted in the reduc-
tion of microbial growth. A significantly prolonged lag time is
observed for Cr(III) concentrations between 80 and 160 mg l−1,
whilst the lag times for Cr(III) concentrations between 0 and
40 mg l−1 are shorter and almost in the same range.

Fig. 3 presents the biomass µmax variation with the applied
concentration of Cr(III). µmax appears to increase with Cr(III)
concentration reaching a maximum at 10 mg l−1, whilst further
addition of Cr(III) results in a drastic decrease of µmax. Mowat
[12] measured the respiration activity of activated sludge in the
presence of Cr(III) and reported a steady decrease of respiratory
rate even with the addition of Cr(III) at concentrations below
1 mg l−1. Similarly, Lamb and Tollefston [28], reported a steady
reduction of the organic substrate uptake rate with the addition
of Cr(III), without growth stimulation at relatively small concen-
trations. However, the above researchers [12,28] have reported
the same trends (absence of growth stimulation doses) for simi-
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29], reported that the substrate to biomass ratio, and sludge age
ay have severe impacts on the growth stimulation or inhibition

ue to the presence of Cr(VI).
The large divergence of the literature results presented above

ay be attributed to:

(i) the high diversity of activated sludge behavior,
(ii) the system which was employed for micro-organisms

growth (batch, continuous, with or without sludge recy-
cling),

iii) the concentration of activated sludge during the trial period
(since Cr(VI) can be adsorbed by biomass),

iv) the activated sludge age,
(v) the relative acclimation of activated sludge to Cr(VI), and

finally,
ar experiments utilising Cr(VI) instead of Cr(III). Finally, Chua
t al. [30] reported about 18% reduction in COD removal effi-
iency with the introduction of 0.5 mg l−1 Cr(III). The results of
he present study are not in agreement with the above reports,
ince a growth stimulation effect at relatively small Cr(III) con-
entrations has been observed. The main reasons for the relative
iscrepancies between the various researches have been anal-
sed at the end of the previous paragraph.

.3. Comparison between the effects of Cr(VI) and Cr(III)

As stated in the introduction, limited research has been car-
ied out to investigate the effects of both chromium species on
he same culture and under the same growth conditions. The con-
lusions derived from previous work are contradictory, not only
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with respect to the quantitative effects of chromium species but
also with respect to the qualitative effects. Lamp and Tollefson
[28] who worked with activated sludge growing in a continu-
ous reactor setup reported that Cr(VI) is more toxic than Cr(III).
More specifically, they monitored that addition of 5 mg l−1 of
Cr(VI) or Cr(III), resulted in organic substrate uptake rate reduc-
tion by 50 and 20%, respectively, whilst for every 2 ppm addition
of Cr(VI) or Cr(III), the relative reduction in substrate uptake
rate was 5 and 1%, respectively. Similarly, Bieszkiewicz and
Hoszowski [31] reported higher toxicity of Cr(VI) compared to
that of Cr(III), since they measured the inhibition concentration
of Cr(VI) or Cr(III), for activated sludge growth, to be 20 and
1.15 mg l−1, respectively. On the contrary, Mowat [12] inves-
tigated that Cr(III) has more toxic effects on activated sludge
respiration rate compared to Cr(VI), reporting about 70–80%
reduction for Cr(III), and 20–50% reduction for Cr(VI). Vankova
et al. [25] attended also to determine the relative toxicities of
chromium species on activated sludge, however, their results
are incomplete, due to problems with the solubility of Cr(III).
They reported the 1-h CE50 values for Cr(VI) between 40 and
90 mg l−1, at pH = 7, whilst the 0.5-h CE50 value for Cr(III), at
pH 5.8, was measured 49 mg l−1.

Fig. 5, depicts the inhibition curves (determined according
to Eq. (3)) for Cr(VI) and Cr(III). The graph indicates that
Cr(VI) has a more pronounced stimulation effect on µmax, com-
pared with Cr(III). Cr(VI) has been found to stimulate microbial
g
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Cr species, at relatively small concentrations, are also more effi-
cient biomass growth stimulators.

4. Conclusions

The effects of Cr(VI) and Cr(III) in the activated sludge
growth rate have been assessed for a batch growth system:

• Cr(VI) was found to stimulate microbial growth for concen-
trations up to about 25 mg l−1, whilst the lethal dose was found
to be between 80 and 160 mg l−1.

• Cr(III) was also found to stimulate microbial growth for con-
centrations up to about 15 mg l−1, whilst the lethal dose was
found to lie between 160 and 320 mg l−1.

• The results indicated that Cr(VI) is more toxic to biomass at
relatively high concentrations (higher than 70 mg l−1) whilst
it has a more pronounced growth stimulation effect for rela-
tively small concentrations (less than 25 mg l−1), compared
with Cr(III).
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