
1. Introduction
Microcystis aeruginosa is a globally distributed freshwater 
cyanobacteria, which receives a great deal of attention 
in various branches of scientific investigations [1]. Its 
occurrence has been broadly associated with microcystin 
(MCs) production and due to the toxicity of these 
compounds some health concerns have been raised [2]. 
Several strains of this cyanobacterium were, however, 
found to be non-toxic due to an inactivated mcy cluster 
gene [3]. As further demonstrated, non-MC producing 
strains do not differ in growth and metal uptake, therefore 
genetically engineered mutants or non-toxic strains 
isolated from natural habitats could potentially serve in 
biotechnological applications [4,5]. 

Currently, there is great interest in utilizing living 
organisms to detoxify effluents and soils; processes 
which are known as bioremediation. Such methods can, 

however, only compete with conventional approaches 
as long as they are efficient and cost-effective. 
Bioremediation does not usually require any additional 
use of chemical reagents and can be based on rapid-
growing microorganisms. Numerous studies have already 
investigated the biosorption capabilities of different 
microalgae indicating their potential to remove different 
heavy metals (one of the most widespread pollutants) 
from the extracellular environment [6-8]. Cyanobacteria 
are a special group of interest here, because of their 
tolerance and interaction with metal ions [9]. 

Apart from the natural geochemical processes, 
human sources including different branches of industry, 
transport, municipal waste management, waste dumping 
sites, fertilizers and waste used to fertilize soil, contribute 
to the global cadmium (Cd) and lead (Pb) contamination 
of air, soil and water. These two metals are known to 
play no specific metabolic role, whereas their toxicity 
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and accumulation in different living organisms has been  
broadly demonstrated in numerous studies [10-12]. 
Therefore, there is an ever increasing demand not only 
to reduce Cd and Pb emissions but also to implement 
an effective method for their removal from wastewater. 
So far, methods such as chemical precipitation, ion-
exchange, adsorption, membrane filtration, coagulation–
flocculation, and flotation have been introduced to 
detoxify metal contaminated solutions [13].

The production of biomass constitutes a great part of 
the cost involved in the application of biotechnologies. 
Cultivation of M. aeruginosa does not require expensive 
chemical reagents and unusual conditions, and can be 
generally considered as inexpensive. At the same time, 
this cyanobacterium not only demonstrates a high rate of 
proliferation under favorable conditions but as shown in 
our previous, preliminary study, it possesses a resistance 
to relatively high levels of Cd and Pb in aqueous solution 
during 24 h of treatment [14]. Altogether, these features 
may predispose M. aeruginosa to becoming an object of  
research as it would appear to have great  bioremediation 
potencies. Because any practical implementation of 
a bioremediation method is a scientifically intensive 
procedure and must first be tailored to the site-specific 
conditions [15], we investigated the sorption of Cd and Pb 
by a freely suspended biomass of M. aeruginosa during 
different incubation times and under various physico-
chemical conditions (pH, temperature and lighting). We 
also studied the efficiency of competitive biosorption of Cd 
and Pb to conclude which of these metals is sequestered 
preferentially. Our study demonstrates that under specific 
physico-chemical conditions, M. aeruginosa biomass 
can effectively remove relatively high levels of Cd and Pb 
(up to 20 mg L-1) and thus predispose this cyanobacteria 
for possible bioremediation applications.

2. Experimental procedure

2.1. Cyanobacterial culture
M. aeruginosa was obtained from the Culture 
Collection of Autotrophic Organisms (Třeboň, Czech 
Republic). A culture was continuously maintained in 
250 mL culture flasks (Sarstedt, Germany) containing 
UV-sterilized BG-11 media (Sigma-Aldrich, Germany) 
in a phytotron chamber KK 150 (Pol-Eko, Poland) at 
pH=7, temperature of 25ºC and light provided by cool-
white fluorescent bulbs at 60 μmol photons m/s with a 
light/dark photoperiod 14:8 h. Every 2 weeks cultures 
were transferred to new flasks under a laminar air flow 
chamber. The purity of the cultures was systematically 
verified under a light microscope. 

2.2. Experimental design
Cadmium (II) nitrate Cd(NO3)2•4H2O (Sigma-Aldrich, 
Germany) and lead (II) nitrate Pb(NO3)2 (Sigma-
Aldrich, Germany) served as a source of metals. 
Cyanobacterial biomass was centrifuged (10 minutes, 
3.000 rpm, g=1670) and dissolved (6.5 mg wet weight 
per 1 mL) in distilled, UV-sterilized water in 250 mL 
culture flasks (Sarstedt, Germany). The final volume of 
each sample was 150 mL. The initial cell density was 
8.5×106  cells mL–1. Metals were added in concentrations 
of 1, 5, 10 and 20 mg L-1 (±0.2 mg L-1) of Cd or/and Pb. 
Such high metal levels can be found in some industrial 
wastewater and they exceed by far those determined 
in aquatic environments as well as maximum limits 
prescribed by the Food and Agriculture Organization of 
the United Nations [12,16,17]. 

Three independent sets of experiments were carried 
out. In the first, M. aeruginosa was treated with Cd and 
Pb under optimal growth conditions (pH=7.0, temp. 
25ºC, irradiance of  60 μmol m/s) for a different period 
of contact time (1 h, 3 h, 6 h, 24 h and 48 h). This 
experiment was designed in order to choose the most 
efficient treatment times (separately for Cd and Pb) of 
process of metal biosorption. These time intervals were 
then applied in the two subsequent experimental sets 
in which i) the effect of different acidity (pH=5, pH=6, 
pH=7, pH=8 or pH=9), temperature (10ºC, 25ºC or 
40ºC) and illumination (0 or 60 μmol photons m/s) on 
metal biosorption, and ii) the efficiency of this process 
on the co-occurrence of equivalent metal concentrations 
(1, 5, 10 or 20 mg L-1) were investigated. Each set of 
experiments was performed in triplicate. 

In each experiment two sets of controls were 
designed: 1) containing cells/ containing neither Cd nor 
Pb (cells+/metals-); 2) not containing cells/containing 
different concentrations (1-20 mg L-1) of Cd or Pb (cells-/
metals+). The first control set was used to exclude initial 
metal contamination of cells, while  the second was set 
up  to exclude the potential effect of sample preparation 
(e.g. filtration) on metal concentrations. 

2.3. Analyses of metal concentrations
After each experiment, samples were filtrated using 
GF/C filters (Whatman, UK) in order to separate the 
biomass from the solution. The filtrates were then 
acidified with 1 mL of ultrapure 14 mol L-1 nitric acid 
(Sigma-Aldrich, Germany) after which the obtained 
filtrate was subjected to atomic absorption spectrometry 
analyses performed using a flame fast sequential atomic 
absorption spectrometer SpectrAA 220 FS (Varian, 
Australia) equipped with HCL lamps (Varian, Australia) 
and a Sampling System with the Electronic Control 
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Module SIPS-20 (Varian, Australia). Wavelengths of 
228.8 nm and 217.0 nm, slit 0.5 nm and 1.0 nm for Cd 
and Pb, respectively; lamp current 5 mA were applied. 
The calibration was performed using standard analytical 
solutions (Merck, Germany). The limits of method 
detection were 0.05 mg L-1 for Cd and 0.02 mg L-1 for Pb. 
Removal efficiency was calculated by withdrawing metal 
concentration in filtrate from initial metal content, and 
given as percentage of metal removed by cyanobacteria. 

2.4. Statistical analyses
The results were analysed using Statistica 10.0 
software (StatSoft, USA). Gaussian distribution was 
tested with Shapiro-Wilk’s method, and because the 
data did not meet its assumption, the non-parametric 
Mann-Whitney U test was employed in order to compare 
two independent variables. A P value of <0.05 was 
considered as statistically significant.

3. Results and discussion

3.1. Biosorption of metals under optimal growth 
       conditions
M. aeruginosa biomass demonstrated a distinct ability 
to uptake both, Cd and Pb under optimal conditions 
(pH=7.0, temp. 25ºC, irradiance of 60 μmol photons m/s), 
resulting in a significant reduction of metal concentrations 
in aqueous solution. The efficiency of metal biosorption 
depended on the time of incubation and the initial 
concentration of Cd or Pb although in every experimental 
sample metal removal rate exceeded 50% (Fig. 1). 

In the case of Pb, the most efficient decrease 
(reaching 100%) in metal concentration was found 
after 3 h. Total removal of Pb was found in samples 
with an initial metal content of 1 mg L-1 and 5 mg L-1, 
while in the case of 10 mg L-1 and 20 mg L-1 removal 
rates reached 99.5% and 90.1%, respectively. A shorter 
time of incubation (1 h) was effective only for the lowest 
assayed Pb concentration. Prolonged contact time (6 h) 
did not affect the biosorption significantly, but a mean 
decrease by 5.9% and 1.0% in its efficiency was found 
for 10 mg L-1 and 20 mg L-1 treatments, respectively. 
Longer incubation (24 h and 48 h) significantly altered 
the bioremediation efficiency (Fig. 1A). On the basis of 
these results, we assumed that 3 h of treatment with 
Pb was the most efficient time and therefore applied the 
same time period in the next sets of experiments. 

Compared to Pb, biosorption of Cd under similar 
growth conditions was generally slower with the highest 
level of metal removal found after 6h of contact. Mean 
removal in 1 mg L-1, 5 mg L-1, 10 mg L-1 and 20 mg L-1 

treatments resulted in 79.5%, 91.9%, 89.7% and 99.1% 
removal of metal, respectively. Both, shorter (1-3 h) and 
longer (24-48 h) times of contact with Cd resulted in less 
efficient sorption abilities (Fig. 1B). 

Our results indirectly suggest that the previously 
demonstrated tolerance of M. aeruginosa to Cd and Pb 
[14] could  be based on metal sorption and subsequent 
desorption occurring over a time. In the first hours of 
treatment, uptake of metals is likely to be  a dominant 
process. As also found in other studies, Pb uptake in 
cyanobacteria as well as other algae occurs more 
rapidly than Cd [18-20]. For example Synechococcus 
sp. PCC 7942 exhibited a nearly threefold higher bound 
rate for Pb than for Cd, requiring significantly shorter 
contact time for effective and sufficient metal sorption 
removal [21]. The difference in sorption dynamics and 
the biosorbents’ capacity for different metals has been 
explained in terms of the difference in the ionic size of 
metals, ionic radii, electrode potential, and affinity to the 
functional groups on the biosorbents [22]. Generally, in 
our study sorption capacities increased with an increase 
in initial metal concentrations, particularly for Cd. This is 

Figure 1. The effect of treatment time on biosorption of Pb (A) and 
                          Cd (B) by M. aeruginosa. 
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likely due to the fact that an increase in metal content 
provides a larger driving force to overcome all mass 
transfer resistance between solid and aqueous phase, 
thus resulting in higher metal ion adsorption [23]. In 
our study, freely suspended M. aeruginosa biomass 
demonstrated higher efficiency of metal removal than 
immobilized cultures of this species [19]. Therefore, 
we postulate that freely suspended biomass may have 
a better contact with adsorbates during the biosorption 
process than immobilized cells. Any application of freely 
suspended cyanobacteria in heavy metal detoxification 
would, however, require additional applications of 
systematic biomass removal and supply. 

3.2. Biosorption of metals  under different pH 
        conditions
Industrial wastewater and other metal contaminated 
solutions can significantly vary in pH [17,24]. Therefore, 
the efficiency of sorption processes by biomaterials 
needs to be first evaluated at different levels of acidity. 
Here we have found that both increase and decrease 
of pH can significantly alter the biosorption of studied 

metals. The lowest rate of this process occurred at low 
pH (Fig. 2) 

Biosorption of Pb was less affected by pH although 
compared to the efficiency found at optimal pH it 
decreased by a mean of 41.9% at pH=5 and 24.4% at 
pH=6 (p<0.01 in both cases). At pH=8 biosorption of Pb 
was in turn lowered by a mean of 10.4% and 20.3% at 
pH=9 (p<0.05 in both cases). The biosorption process 
did not appear to be significantly altered for 1 mg L-1 
treatments at pH=8 and pH=9 (Fig. 2A). 

Cd biosorption was more susceptible to pH changes 
(Fig. 2B). At pH=5 metal removal decreased by a mean 
of 57.7% compared to efficiency at optimal pH and by a 
mean 20.4% at pH=6 (p<0.01 in both cases). Alkaline 
pH also decreased the efficiency of Cd removal by a 
mean of 16.0% at pH=8 and 35.6% at pH=9 (p<0.05 in 
both cases). 

Our results clearly demonstrate that metal sorption by 
M. aeruginosa biomass can be altered by pH changes, 
particularly acidification. This observation can be 
explained by the postulated mechanism of microalgae 
prevention to low extracellular pH, which is based on 
reduced cation uptake and simultaneous accelerated 
uptake of anions [25]. At the same time, M. aeruginosa 
was found to be less resistant to low pH rather than to 
alkaline conditions [26]. A decrease in metal remediation 
at low pH was also found in other studies employing other 
cyanobacteria species [27,28]. It is worth noting that at 
low pH the toxicity of metals to microalgae can be raised 
due to the predominance of the free metal ion [29,30]. 
Any potential use of M. aeruginosa should therefore 
be preceded by an adjustment of pH to increase the 
biosorption process. 

3.3. Biosorption of metals under different 
         temperature conditions
Temperature had an effect on metal biosorption. The 
most efficient results of metal removal were found at 
25ºC. A decrease of temperature affected the process 
(particularly for Cd) to a larger extent than an increase 
(Fig. 3).

Compared to the results found at 25ºC, biosorption 
of Pb at 10ºC was significantly decreased by a mean 
of 7.6% (p<0,05). On the other hand, an increase in 
temperature to 40ºC decreased this process by a mean 
of 4.6% (p<0,05). Despite these alterations, biosorption 
was efficient enough to maintain Pb removal at a rate of 
85% at the least (Fig. 3A).

Similar to pH, increase and decrease of temperature 
affected Cd biosorption more than in the case of Pb. The 
mean decrease of metal removal rate was 33.4% and 
11.5% at 10ºC and 40ºC, respectively (p<0.01 in both 
cases; Fig. 3B). 

Figure 2. The effect of pH on biosorption of Pb (A) and Cd (B) by 
         M. aeruginosa after 3 h and 6 h of contact, respectively. 
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It has been shown that temperature affects the 
rate of cellular metabolism in microorganisms. Usually 
its activity is inhibited at lower temperatures and up-
regulated at higher [31]. Our study demonstrated, as 
expected, that at a temperature of 10ºC the uptake 
of metal ions was significantly lower and resulted in 
less effective removal of both, Cd and Pb from the 
extracellular environment. On the other hand, it was 
found that high temperatures such as 40ºC could also 
alter metal biosorption. As shown in other studies 
employing different microalgae, the maximum sorption 
of metals occurs at a temperature range of 25-30ºC 
[32,33]. Its further increase can result in the weakening 
of attractive forces between the biomass surface and 
metal ions and the sorption is consequently decreased 
as demonstrated in our and other studies [34,35]. The 
most effective sorption of metals found at 25ºC is likely a 
compensation of maximum bioactivity of M. aeruginosa 
and the fact that adsorption is an exothermic reaction 
– biosorption capacity increases with decrease of 
temperature [36]. Our results emphasize the importance 
of a proper adjustment of temperature of the biosorption 
process for its maximum effectiveness. 

3.4. Biosorption of metals under different light 
       conditions
The incubation of M. aeruginosa in darkness resulted 
in significantly lower efficiency of metal biosorption as 
compared to treatments under light irradiance (Table 1). 
In the case of Pb, mean metal uptake decreased by 9.9% 
(p<0,01) although the removal rate did not fall  below 
81% for every assayed metal concentration. On the 
other hand, biosoprtion of Cd in darkness was strongly 
affected and resulted in a mean 29.8% of metal uptake 
compared to light irradiance (p<0,001). Depending on 
initial Cd concentration, the removal rate in darkness 
varied from 59.8-61.2% (Table 1). 

These findings are in general agreement with other 
studies employing cyanobacteria and diatoms in which 
the decrease in irradiance resulted in lower metal uptake 
[32,37]. It is, however, noteworthy that high irradiance 
can induce certain conditions in photosynthetic 
cells such as formation of repulsive force on the cell 
membrane which slows down the adsorption rate and 
in consequence, the uptake of metal ions [25]. In our 
study we did not investigate metal uptake under high 
light irradiance although it can be concluded that the 
biosorption process should be carried out at 60 μmol 
photons m/s at the least. 

Figure 3. The effect of temperature on biosorption of Pb (A) and Cd 
                          (B) sorption after 3 h and 6 h of contact, respectively.

Figure 4. The effect of a co-occurrence of equivalent 
concentrations of Cd and Pb on their biosorption by 
M. aeruginosa after 3 h (A) and 6 h (B) of contact. White 
and black squares indicate removal level reached in a 
single metal experiment.
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3.5. Simultaneous biosorption of metals
Industrial wastewater can be contaminated with 
more than one metal, therefore several studies 
on bioremediation have investigated the effect of 
simultaneous metal ion presence on their uptake by 
microorganisms [19,33,38,39]. Our results indicate 
that the co-occurrence of Pb and Cd at comparable 
concentrations can significantly affect their removal 
rates (Fig. 4). It was found that, compared to sorption 
rates observed in single metal treatments, M. aeruginosa 
incubated simultaneously with both metals demonstrated 
a mean decrease of 22.7% and 35.0% of Pb biosorption 
efficiency after 3 h and 6 h of contact, respectively 
(p<0.001 in both cases; Fig. 4A). Similarly, a significant 
decrease in Cd biosorption in these treatments was also 
found. A mean decrease of 31.5% and 22.5% of metal 
biosorption efficiency was observed after 3 h and 6 h of 
contact, respectively (p<0.001 in both cases; Fig. 4B). 
Our experiments indicated that Pb was sequestered 
preferentially over Cd during 3 h of incubation while 
preferential sorption of Cd occurred during 6 h of 
incubation. This could be due to the limited number of 
active sites on the biomass available for occupation by 
metal cations. Several other studies have documented 
that Pb uptake capacities in micro- and macroalgae are 
higher than for Cd, including immobilized cultures of 
M. aeruginosa [40-42]. However, here we demonstrate 

that capacities for metal uptake can also depend on the 
time incubation. As shown in this part of the experiment 
as well as in single-metal experiments Pb is sequestered 
more rapidly than Cd. Therefore, any potential use of 
M. aeruginosa in Cd and Pb biosorption would require 
a proper on-site evaluation of their initial concentrations 
and proportions 

4. Conclusions
Our study demonstrated that M. aeruginosa biomass 
has a potential to remove relatively large quantities of 
Pb and Cd from contaminated aqueous solutions as 
long as the optimal temperature, light, and pH for this 
process are provided and maintained. Biosorption of 
Pb was shown to occur more effectively and rapidly as 
well as less disturbed under different pH, temperature, 
and irradiance conditions. We have also found that a 
co-occurrence Pb and Cd decreases the removal rate 
of both studied metals with Pb being sequestered 
preferentially. A freely suspended, non-toxic biomass of 
M. aeruginosa could potentially serve as a low-cost and 
easily producible biosorbent material, particularly for Pb 
contaminated solutions such as industrial wastewater. 
Practical application of this method would, however, 
require further studies on a wider and on-site scale. 

Table 1. The effect of irradiance on biosorption  of Pb and Cd by M. aeruginosa after 3 h and 6 h of contact, respectively.
 

Metal Conditions Initial concentration of metal [mg L-1]
1 5 10 20 

Metal removal [%]

Pb
Light 100 100 99.5 90.0

Dark 89.1 88.8 90.9 81.4

Cd
Light 79.5 91.9 89.7 99.5

Dark 59.8 61.6 58.6 61.2
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