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Abstract:  Spirulina platensis biomass is widely applied for different technological purposes. The process of 
lanthanum, chromium, uranium and vanadium accumulation and biosorption by Spirulina platensis biomass from 
single- and multi-component systems was studied. The influence of multi-component system on the spirulina 
biomass growth was less pronounced in comparison with the single-component ones. To trace the uptake of metals 
by spirulina biomass the neutron activation analysis was used. In the experiment on the accumulation the 
efficiency of studied metal uptake changes in the following order: La(V) > Cr(III) > U(VI) > V(V) (single-metal 
solutions) and Cr(III) > La(V) > V(V) > U(VI) (multi-metal system). The process of metals biosorption was 
studied during a two-hour experiment. The highest rate of metal adsorption for single-component systems was 
observed for lanthanum and chromium. While for the multi-component system the significant increase of 
vanadium and chromium content in biomass was observed. In biosorption experiments the rate of biosorption and 
the Kd value were calculated for each metal. Fourier transform infrared spectroscopy was used to identify 
functional groups responsible for metal binding. The results of the present work show that spirulina biomass can 
be implemented as a low-cost sorbent for metal removal from industrial wastewater. 

Keywords: biosorption, bioaccumulation, chromium, FT-IR spectroscopy, lanthanum, vanadium, uranium, 
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Introduction 

The presence of various metal ions in water bodies, arising from the discharge of 
industrial wastewater and other anthropogenic activities is one of the most important 
environmental issues due to high metal toxicity and accumulation in food chain [1]. 
Conventional techniques used for the removal of metal ions such as precipitation, 
oxidation, ion-exchange, electrochemical treatment have significant disadvantages 
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including high cost, incomplete metal removal, high energy consumption, generation of 
large volume of sludge that require special disposal [2, 3]. Consequently, there is  
a necessity in alternative methods, which can overcome all these problems and treat the 
wastewater in an appropriate way [4]. The use of microorganisms for the removal of toxic 
pollutants and for the recovery of valuable elements from wastewaters is one of the most 
recent developments in environmental technology [2]. 

Biosorption and bioaccumulation have emerged as a cost-effective and  
efficient alternative to traditional techniques of metal removal [4]. Biosorption is  
a metabolically-passive process resembling conventional adsorption or ion exchange. It is  
a process of concentration of sorbate (metals) on the surface of biological matrix. The 
process is simple in operation, cheap, with a minimal amount of sludge generation and can 
be efficiently applied for diluted industrial effluents. As biosorbents can be used materials 
collected directly from the environment and/or wastes of different biotechnological 
processes. Biosoption is influenced by several factors such as: type and amount of the 
biomass, pH, temperature, metal concentration, presence of competing ions in solution. 
Since biosorption is an extracellular process the main role in metal binding belongs to the 
chemical functional groups of the cell wall (carboxyl, phosphonate, amine, hydroxyl, etc) 
[5-7]. 

Bioaccumulation is a process, which deals with living organisms and includes  
two-stages: biosorption and intracellular metal uptake with further oxidation or reduction, 
microprecipitation or incorporation in cell structures. Thus, in bioaccumulation more 
binding sites for the pollutant are available and lower residual concentrations can be 
reached. At the same time bioaccumulation is a very complex process and depends on 
several factors especially on the presence of pollutants in the growth medium which can 
inhibit the growth of cells and also bioaccumulation itself. There is a severe limitation of 
the process, as high load of pollutants may interrupt organism's metabolism, resulting in its 
death [5, 6]. Biosorption and bioaccumulation are mainly used for the removal of metal 
cations from the solutions. 

A large number of species of microorganisms has been investigated for their ability to 
remove toxic metals by bioaccumulation, biosorption, bioprecipitation, and other processes 
[8-10].  

The major challenge of the preliminary stage of the present work was to identify the 
microorganisms for metal uptake from extremely large pool of readily available and 
inexpensive biomaterials. Among the microorganisms, cyanobacteria are of great interest 
for metal removal. The effectiveness of cyanobacteria application in aforementioned 
processes consists in their ubiquitous nature, existing cost-effective technologies for their 
cultivation, optimal surface/volume ratio, the large number of highly specific binding 
groups on the cell wall and by the efficient uptake and retention of metals.  

Numerous investigations have shown that Spirulina platensis can be efficiently applied 
as a bioaccumulator and sorbent of different metals and radioactive ions [11-14]. From 
literary sources, it can be seen that great attention is given to processes of metal removal 
with use of biological objects from single component systems [15]. However, wastewaters 
represent complex solutions, which contain different chemical compounds. Consequently, 
there can be significant differences in the efficiency of metal removal from single- and 
multi-component systems  

The aim of the present study was to investigate the process of lanthanum, vanadium, 
uranium and chromium ions uptake from single component and multi-component batch 
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systems by cyanobacteria Spirulina platensis (S. platensis). The metal uptake by biomass 
was traced using high sensitive technique - neutron activation analysis, which permits 
simultaneous determination of more than 30 elements in biomass. 

Materials and methods  

Materials 

Reagents 

For the analysis Merck reagents: uranyl nitrate salt, sodium vanadate, lanthanum 
nitrate, and chromic potassium sulphate of analytical grade were used. 

Biomass  

To carry out the experiment, algological pure culture of S. platensis CNM-CB-02 
strain from the National Collection of Non-pathogenic Microorganisms (Institute of 
Microbiology and Biotechnology, Academy of Sciences of Moldova) was used. The 
cultivation of spirulina was carried out in a bioreactor with a volume of 30 dm3 in the 
Zarrouk nutritive medium at a temperature of 25-30ºС, illumination 37-55 µmoles of 
photons/m2/s, рН 9.5-10 and at constant mixing. The cultivation of the S. platensis cells 
was conducted for 10 days. After cultivation S. platensis biomass was separated from the 
nutritive medium by vacuum filtration on track membrane filter with 2 µm pores. 

Single-component system 

In the first type of experiment to study metal ions accumulation metal salts in 
concentrations 100 mg/dm3 were mixt with the spirulina culture (first day of cultivation) in 
100 cm3 of Zarrouk nutrient medium. The cyanobacteria were grown until reaching  
a stationary phase (10 days after inoculation). During the first experiment biomass 
concentration was determined spectrophotometrically on the basis of calibration curve. 

In the second type of experiment to determine the biosorption of metal cations by 
cyanobacteria the biomass cultivated for 10 days in Zarrouk medium and separated from 
the medium (by vacuum filtration on track membrane filter with 2 µm pores) was used.  
100 mg of wet S. platensis cells were suspended in 10 cm3 of 0.9% NaCl with the same 
metal concentrations in tephlone vessels (on a rotary shaker set at 100 rpm). The dynamics 
of the adsorption processes was studied during 2 hours. The samples were obtained at 5, 15, 
30, 60 and 120 minutes. At the end of all experiments, the spirulina biomass was filtered 
using the track membrane filter and dried till constant weight. All experiments were 
performed in duplicate. 

As a control for all experiments the S. platensis biomass grown in the standard Zarrouk 
nutritive medium (without any metal additions) was used. 

Multi-component system 

Solutions containing four selected elements concentrations were prepared with the 
same salts mentioned above. The scheme of experiments was the same as for the  
single-component experiment. 
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Methods 

UV-VIS Spectrometry  

To determine total biomass concentration during bioaccumulation experiment every 
day 2 cm3 of obtained suspension were measured on the Varian Cary 4000 
spectrophotometer at the wavelength 650 nm. The amount of biomass was calculated 
according to the calibration curve.  

Neutron activation analysis (NAA)  

Neutron activation analysis (NAA) is an analytical technique for qualitative and 
quantitative determination of elements based on the measurement of characteristic radiation 
from radionuclides formed directly or indirectly by neutron irradiation of the material. 
NAA advantages include high sensitivity, good selectivity, good accuracy, independence of 
matrix effects, nondestructive nature; possibility of simultaneously determining a large 
number of elements; independence of the results of the form of chemical compounds, easy 
procedure for samples preparation. Since NAA requires access to a nuclear reactor, the 
method is less widely applied than other analytical techniques for elemental analysis. NAA 
has been found to be very useful in the determination of trace and minor elements in 
biological samples [16, 17].  

To determine the elemental composition of S. platensis biomass, neutron activation 
analysis at the pulsed fast reactor IBR-2 (FLNP JINR, Dubna) was applied. The description 
of the irradiation channels and the pneumatic transport system REGATA of the IBR 2 can 
be found elsewhere [22]. To determine short-lived isotopes, the samples were irradiated for 
3 min under a thermal neutron fluency rate of approximately 1.6·1013 n cm–2 s–1 and 
measured for 15 min. In the case of long-lived isotopes the samples were irradiated for  
4 days under a resonance neutron fluency rate of approximately 3.31·1012 n cm–2 s–1, 
repacked and measured using high-purity germanium detectors twice (after 4-5 days and 
20-23 days of decay). The lanthanum content in the samples was determined by γ-line with 
the energy of 1596.5 keV of isotope 140La, vanadium by γ-line with the energy of  
1434.1 keV of isotope 52V chromium by γ-line with the energy of 320.1 keV of isotope 
51Cr, and uranium by γ-line with the energy of 106.1 keV of isotope 239Np. The quality was 
assured by the use of the certified reference materials, which were irradiated in the same 
conditions with samples. The NAA data processing and determination of element 
concentrations were performed using the software developed in FLNP JINR.  

Fourier Transform Infrared Spectroscopy (FT-IR)  

FT-IR spectroscopy was used to confirm the presence of the functional groups in the 
samples of S. platensis and to observe the chemical modification after heavy metal 
adsorption. Infrared spectra were recorded in the 4000-550 cm–1 region using a Thermo 
Nicolet Nexus 4700 FT-IR Spectrometer. 

Results and discussion 

The cyanobacterium S. platensis is a well-studied object widely used for physiological, 
biochemical, genetical, biotechnological, and ecological purposes. Different technologies 
for its growing and obtaining of various pharmaceuticals have already been developed. 
Spirulina’s bioaccumulation ability serves as a basis for the obtaining of metal containing 
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biomass. The strain used in the present study, Spirulina platensis CNM-CB-11, is 
considered to be a good accumulator of different metal (iron, zinc, selenium, chromium, 
copper, nickel, cadmium, uranium, etc) [11, 18]. The accumulated metals are distributed 
mainly in amino acids, oligopeptides, proteins, lipids, and carbohydrates fractions of 
biomass [11]. The biochemical composition of the biomass is the following: proteins - 
65.8%, carbohydrates - 9.3%, lipids - 5.2%, phycobiliproines - 14.0%, β-caroten - 0.3%. 
The main bioactive compounds are glutamic acid 9.6%; γ-linolenic - 1.4%; sulfated 
polysaccharides - 5.0%, phosfatidylinositol - 0.7%, and phosfatidylcholine - 1.9%. In 
stationary culture at the end of the life cycle the biomass quantity reaches values of  
1.5-1.6 g/dm3.  

In the first type of experiments, viable spirulina cells were used and metal solutions 
were added as a component of the nutritive medium on the first day of cultivation. The 
dynamics of spirulina biomass growth under metal loading is presented on Figure 1. 

 

 
Fig. 1. Dynamics of spirulina biomass growth (La - medium with lanthanum salt, 100 mg/dm3; U - with 

uranium salt, 100 mg/dm3; Cr - chromium salt, 100 mg/dm3; V- vanadium salt, 100 mg/dm3;  
Mix - four salt each in a concentration of 100 mg/dm3; C - control sample) 

The investigation of S. platensis growth under metal loading showed the lowest rate of 
biomass growth at vanadium loading. The highest rate was observed at the addition of 
metal mixture and it was almost equal to control sample. According to the influence of the 
elements on the spirulina they can be placed in the following line: mix > La(V) > U(VI) > 
Сr(III) > V(V).  

The results obtained for biomass growth were confirmed by NAA. Figure 2 presents 
the results of metal uptake by biomass for single and multi-component systems. As it can 
be seen from the obtained data the highest rate of accumulation was observed for 
lanthanum and chromium from both types of systems. The amount of lanthanum and 
chromium in the biomass after 10 days of cultivation in single-component systems 
increased from 0.1 µg/g to 15 mg/g and from 6 µg/g to 14.9 mg/g, respectively. In the 
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multi-component system after 10 days of cultivation the content of lanthanum in biomass 
reached the value of 7.1 mg/g and of chromium - 10.6 mg/g. 

 

 
Fig. 2. La, V, Cr, and U uptake by spirulina biomass during bioaccumulation process 

Cr(III) as an essential microelement can be involved in the biochemical processes of  
a cell. High rate of chromium accumulation can be explained by its incorporation in cell 
structures [1]. In case of lanthanum, the mechanism of its penetration into the cell is not 
well studied. In Merroun et al [19] work it was shown that after interaction of lanthanum 
with bacteria Myxococcus xanthus lanthanum was fixed in the cell wall and in the 
cytoplasm. Other studies revealed lanthanum fixation in the cell wall and in the periplasmic 
domain. It is suggested that the main role in lanthanum binding belongs to phosphate 
groups and the phosphoryl residues of phospholipids, lipopolysaccharides, nucleic acids, 
polyphosphates, etc. [20].  

Addition of vanadium salt to nutrient medium leads to increase of its content in 
biomass from 0.01 to 83 µg/g. In the multi-component system, the degree of vanadium 
accumulation was much higher, and reached the value of 5085 µg/g. Vanadium is  
a structural and electronic analog of phosphorus and it can inhibit many  
phosphate-metabolizing enzymes [21], which determines its toxicity for cells. It is 
remarkable that the vanadium toxicity is manifested in a single-component system. 
Determining the optimal concentrations for obtaining vanadium enriched spirulina biomass 
Vasilieva et al [23] have shown that the concentration of vanadium in medium should be 
1.5 g/dm3. The results obtained in the present study reveal that to obtain biomass enriched 
with vanadium it is preferable to apply multi-component systems, in which vanadium 
accumulation is more efficient.   

In the accumulation study, the content of uranium in biomass in comparison with 
native biomass increased from 0.06 to 735 µg/g. Uranium has no biological function and is 
known to be toxic to microorganisms. Some reports have shown the binding of uranium 
ions to proteins and inhibition of microorganism growth [24]. Although there is  
a possibility for extracellular reduction of U(VI) to U(IV), which prevents its penetration 
into the cell and preserves cell’s viability. Uranium accumulation in microbial cells occurs 
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mostly through passive diffusion and it can be concentrated in vacuoles. Kalin and  
co-authors [25] have emphasized two mechanisms of uranium interaction with 
microorganisms: ion exchange or co-precipitation and complexation with cell 
biomolecules.  

Usually, the uptake of metals by microorganisms from single metal systems is higher 
in comparison with a multi-component one [26]. The metals combination in  
multi-component system can have both synergistic and antagonistic effects. In case of 
antagonistic metals interaction in a multi-metal system the specific binding sites available 
for single-metal uptake are reduced, and the degree of metal binding depends of its 
electronegativity and ionic radius [27, 28]. In the present study the antagonistic effect of 
uranium and vanadium on the lanthanum and chromium uptake was observed. Thus, the 
accumulation of lanthanum and chromium decreased in comparison with single-metal 
systems: twice for lanthanum and 1.5 times for chromium. Consequently, in the studied 
multi-component system the synergistic relationship between vanadium and uranium was 
remarked. The content of vanadium increased by 61 times and of uranium by 4 times in 
comparison with single component systems. Synergism in the metal interaction is 
manifested by reduction of metal ions toxicity and the increase of metal uptake [29]. 

Thus, the native biomass of spirulina has shown to be suitable for metal removal from 
single and complex solution, particularly for lanthanum and chromium. However, for  
large-scale application accumulation of metals by spirulina culture is not profitable because 
of the high price of the process, which involves several procedures, including ensuring the 
conditions of biomass growth. 

 

 
Fig. 3. La, V, Cr, and U concentration in S. platensis biomass as a function of contact time (data for 

single component systems) 

The aim of the second type of experiment (biosorption) was to determine the optimal 
time for attaining the sorption equilibrium with the given metal concentrations. The first 
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phase of interaction was rapid, high efficiency of uptake for all elements was observed in 
the first 15 min of sorbent-sorbate interaction (Fig. 3). 

For lanthanum and chromium the maximum level of metal in the spirulina biomass 
was reached in about 60 min of contact: 1.4 and 3.5 mg/g, respectively. A continuous 
increase of uranium content in biomass was marked (up to 455 µg/g). It is well known that 
in the rapid phase the metal ions are mainly bound to microorganism’s cell wall functional 
groups. The slow phase is connected with metal intracellular accumulation [29]. The 
increase of uranium concentration can be explained by its intracellular uptake. The lowest 
rate of vanadium ions adsorption (128 µg/g) is related to its toxicity for spirulina biomass.  

As in case of single element systems in a multi-component system (Fig. 4) the metal 
uptake occurred in two stages. The behavior of uranium and lanthanum was similar to the 
single component systems with the content increase from 0.1 to 1050 µg/g for lanthanum 
and from 0.06 to 595 µg/g for uranium, respectively. The amount of adsorbed chromium 
increased 1.7 times in comparison with the single metal system, and significant increase of 
vanadium content up to 1050 µg/g was observed. 

 

 
Fig. 4. La, V, Cr, and U concentration in S. platensis biomass as a function of contact time (data for 

multi-component system) 

As it was mentioned above biosorption consists of two-stages: a very rapid initial 
sorption (0-15 min) followed by a long period of metal uptake (15-120 min). For the rapid 
stage, the rate of biosorption of metals in single and multi-component systems was 
calculated (Fig. 5). Obtained results indicated the highest rate of biosorption of chromium 
in both type of systems. A slight increase of the rate of biosorption of lanthanum  
in multi-component system was observed. In case of uranium and vanadium the rate of 
biosorption was more pronounced in multi-component system. 
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Fig. 5. Rate of biosorption of metals in single and multicomponent systems 

Beside rate of biosorption, the distribution coefficient (Kd) for each metal was 
calculated according to the following formula: 

�� �	
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where C0 and Cf are initial and final concentrations of metal in the solution [mg/dm3], V is 
the solution volume [cm3] and M is the mass of the sorbent [g].  

Kd is very important parameter in sorption processes defined as the ratio of the 
contaminant concentration associated with the solid to the contaminant concentration in the 
surrounding aqueous solution when the system is at equilibrium [30]. Kd value provides an 
estimate of the maximum concentration of a metal sorbed to the biomass. Kd values 
obtained in the present work are presented in Table 1. High Kd value indicates the good 
affinity of chromium ions (sorbate) and the low affinity of vanadium for the spirulina 
biomass (sorbent) for single component systems. In multi-component system, the 
significant decrease of Kd value for chromium and increase of vanadium was noticed. 

 
Table 1 

Kd values of sorbent for studied systems 

Element Kd value [cm3/g] 
 single-component system multi-component system 

La 25 17 
Cr 86 34 
U 10 9.2 
V 3.3 21 

 
High ability of spirulina biomass for metal uptake is influenced by the cell wall 

composition. Functional groups, such as carboxyl, phosphoryl, hydroxyl and amine are 
considered the main binding site for metal ions with the formation of metal-ligand surface 
complexes. In the bioaccumulation process beside metal binding to surface groups the 
metal ions cross into the cell through special transport systems, by active or passive 
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mechanisms [11]. To understand better the nature of functional groups responsible for the 
metal uptake the FT-IR analysis was performed.  

The FT-IR spectrum of control biomass (Fig. 6a) showed several intense characteristic 
bands in the area 1200-900 cm–1 due to C=O, C-C, C-O-C, P=O groups stretching 
vibration, and vibration of COO- (νas(COO-) and νs(COO-)), CH2 and NHC(O)amid groups 
located in the area 1600-1300 cm–1. Spectral analysis of V-loaded biomass (Fig. 6b) 
showed the minimal changes in the FT-IR spectrum. The new band 929 cm–1 can be 
attributed to VO3

- anion. In U-loaded biomass changes in the area 1100 cm–1 were 
observed. It is suggested what carboxyl and hydroxyl groups are involved in uranium 
binding. In case of La-loaded biomass the significant shifts in the area of carboxyl 
vibrations (1600-1300 cm–1) for both νas(COO-) and νs(COO-) bands were noticed that 
indicates binding of La with COO- that is characteristic for lanthanides. Participation of 
carboxyl groups in the formation of coordination bonds with chromium was apparent from 
the spectrum of Cr-loaded biomass. 

 

 
Fig. 6. FT-IR spectra of S. platensis biomass: a) control, b) V-loaded, c) Cr-loaded, d) La-loaded  

and e) U-loaded 

Conclusions 

The uptake of the metals by spirulina biomass occurs differently in single- and  
multi-component systems. In bioaccumulation experiments in the single-component 
systems the removal efficiency followed the order: La(V) > Cr(III) > U(VI) > V(V) and in 
multi-metal: Cr(III) > La(V) > V(V) > U(VI). In biosorption experiments spirulina removal 
efficiency followed the order Cr(III) > La(V) > U(VI) > V(V) for single-metal systems and 
in multi-metal system Cr(III) > La(V)=V(V) > U(VI). 
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In bioaccumulation experiments, the difference in the efficiency of metal uptake in 
single-and multi-component systems was more pronounced in comparison with biosorption 
experiments.  

In the bioaccumulation experiment in multi-metal system the antagonistic effect of 
uranium and vanadium on lanthanum and chromium uptake was observed, leading to 
lanthanum and chromium content decrease in comparison with single-metal systems: twice 
for lanthanum and 1.5 times for chromium. The accumulation of vanadium and uranium 
significantly increased by 61 and 4 times, respectively compared to the single component 
system.  

The amount of metals accumulated during the bioaccumulation process was  
15-40 times higher than in the biosorption experiments. As a result, metal bioaccumulation 
represents interest from both fundamental and practical points of view. At the same time, 
spirulina biomass has great nutritive and medical value, thus use of spirulina biomass as 
bioaccumulator of pollutants is uneconomic. However, spirulina is a beneficial model 
object and the obtained results can serve as the basis for experiments with other less 
valuable species of cyanobacteria. 

The highest rate of biosorption and Kd value were obtained for chromium ions in 
single-component system. FTIR spectra have revealed that metal capture takes place mainly 
through binding to COO- and OH groups.  

Spirulina platensis native biomass can be efficiently implemented for metal removal 
from complex industrial wastewater. 
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