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Two processing methods for preparation of microbial biomass-silica biosorbent to remove cadmium 
ions from aqueous solution were developed. The first method involved a slow addition of sulphuric acid 
into previously prepared dispersion of viable Saccharomyces cerevisiae or Leuconostoc mesenteroides 
biomass in sodium silicate solution. The obtained material was mesoporous with irregular shape and 
size between 1 and 10 μm. The second method for the immobilization of microbial biomass by silica 
gel entrapment was developed in order to restrict desorption of microbial cells and to obtain larger 
particles with uniform size. The obtained particles were spherical with average particle size of 1.5 mm. 
Both materials with viable L. mesenteroides cells displayed higher removal efficiency compared the 
efficiency of materials that containing viable S. cerevisiae cells. Infrared spectra revealed an intensive 
secretion of dextran by Leuconostoc mesenteoides cells in the presence of cadmium ions. EDS maps 
clearly showed the dispersion of cadmium in the cross-section of microbial biomass-silica biosorbent. 
The maximum theoretical binding adsorption capacity for the silica-alginate-S. cerevisiae composite 
was 54 mg/g. The adsorption capacity for the silica-alginate-L. mesenteroides composite obtained 
after 24 cycles was about 93 mg/g. The extracellular secretion of dextran by L. mesenteroides cells 
immobilized in silica-alginate composite enabled efficient removal of cadmium ions. The efficiency of 
Cd(II) removal by microbial composite was not affected by the presence of co-existing ions at initial 
cadmium concentration of 1 and 4 mmol/L.
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1. Introduction
Global industralization and urbanization are responsible 

for increasing amounts of toxic pollutants in the effluents and 
soil. Environmentally relevant most hazardous substances 
which contaminаte environment, expecially water, are 
heavy metals, due to their persistent, non-biodegradable, 
and toxic nature1. Cadmium is highly toxic, non-essential 
heavy metal which may couse serious health problems to 
all living organisms2. Due to its ability to be accumulated in 
living organisms, it has harmful impact on lungs, kidneys, 
liver, reproductive organs etc. Both short-term or long-term 
exposure to cadmium can cause serious health problems 
such as renal and hepatic dysfunction, pulmonary edema, 
testicular damage. Also, these types of exposure can cause 
osteomalacia, damage to the adrenals and hemopoietic 
system3, as well as coronary heart disease, stroke, peripheral 
artery disease and atherogenic changes in lipid profile4. 
According to IARC (International Agency for Research of 
Cancer) cadmium is classified into the first group of metals 
which may couse cancer4. Thus, it is very important to 
prevent cadmium from getting into the environment from 

industrial effluents. It is well known that both geogenic 
and anthropogenic sources can elevate Cd concentrations 
in soils and groundwater. Significant sources of natural Cd 
emissions are hydrothermal vents, weathering of rocks and 
airborne soil particles from deserts, sea spray, forest fires, 
biogenic material and volcanoes. Sources of anthropogenic 
Cd emissions are non-ferrous metal production, fossil fuel 
combustion, phosphate fertilizer manufacturing, iron, steel, 
and cement production and road dust. Municipal and sewage 
sludge incineration can also release cadmium into air, water, 
and soil5. Furthermore, Cd can be found in products such 
as pigments, coatings, platings, stabilizers for polyvinyl 
chloride (PVC) and alloys.

It has been found that phosphate fertilizers contain between 
36 and 77 mg Cd per kg P2O5, making them one of the most 
important sources of Cd contamination in soils. While the 
average usage of phosphate in Europe is 43 kg/(ha*a)5, the 
average value of fertilizer consumption for Serbia during 
the period of 2006-2018 was 143.3 kg per hectare of arable 
land. Phosphate fertilizers may be among main inputs of 
Cd in Serbia, since arable land in Serbia was reported at 
29.53% in 2018.*e-mail: slobodankasnikolic@gmail.com
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Since biomass ash is often used as a fertilizer5 and since 
cadmium concentration in it can reach up to 30 mg/kg, this 
ash can provide an additional increase of Cd concentrations 
in soil.

Since the mineral industry in Serbia is dominated 
by copper production, pollution assessment of cadmium in 
agricultural soils around copper mining area may exceed the 
grade limit of the soil quality standard6. Other mineral and 
mineral-based commodities produced in Serbia that include 
cement and coal are also an important source of cadmium 
contamination in soil, water and air.

The application of biosorption for removal of heavy metals 
from wastewater has been concidered as an effective procedure 
for water treatment7. Major advantages of biosorption over 
conventional treatment methods (precipitation, adsorption, 
reduction, coagulation, and membrane filtration) is low 
cost, eco-friendliness, high binding ability, high efficiency 
of removal metal ions in low concentration, low biological 
sludge, etc8. Low cost and eco-friendly biosorption of heavy 
metal ions using nonpathogenic microbial biomass is generally 
regarded as safe and it is receiving more attention in recent 
years9. The application of these biosorbents for wastewater 
treatment may easily be globally accepted and eventually 
widely used in practice in the field of biosorption10.

Biomass used for biosorption may be either viable or not. 
The use of non-viable biomass is usually considered easier 
because it is less complex than viable one, and due to absence 
of influence of metabolic processes on sorption, which is 
usually considered unappropriate11. The use of non-viable 
biomass enables numerous advantages such as: absence of 
toxicity limitations; absence of requirements for growth 
medium and nutrients in the feed solution; easy absorbance 
and recovery of biosorbed metals; easy regeneration and 
reusability of biomass; possibility for easy immobilization of 
dead cells; easier mathematical modelling of metal uptake12.

Despite obvious advantages of using non-viable biomass 
over living microorganisms, in some instances living 
microorganisms are more useful. For example, the reduction of 
Cr6+ to less toxic Cr3+ can be performed by processes mediated 
by living bacteria9,13. The biosorption of heavy metals using live 
biomass of bacterial cells (Brevundimonas species IITISM22) 
allows intracellular adhesion of functional group to Hg (II). 
Furthmore, Brevundimonas species IITISM22 was found to 
have an impressive affinity towards the detoxification of Hg 
when used as a biosorbent in an aqueous medium14. Also, 
living microorganisms that produce extracellular polymeric 
substances (EPS) are believed to play an important role in 
metal biosorption15.

The immobilization of microbial cells on numerous 
matrices via entrapment was found to enhance bioremediation 
of heavy metals16 and dyes17 from wastewater. Immobilized 
microbial cells have following advantages over the free cells 
in metals biosorption process: easy manipulation, higher 
stability of composites, easy separation after biosorption 
procedures, potential use in real continuous systems18. 
Several matrices have been employed in immobilization of 
the biosorbents for heavy metal removal in order to improve 
biosorption. Entrapment of biosorbents in the alginate 
has been used for heavy metal removal, due to its easy 
preparation, biodegradability and hydrophilicity8. The major 

advantage of alginate as a carrier is that immobilized cells 
do not undergo extreme changes in their physicochemical 
properties during immobilization procedure19. However, 
alginate cannot be maintained for a long time in aqueuos 
medium, so the resulting alginate–microbial cell composite 
can easily be damaged during the water treatment20.

However, the use of inorganic material such as silica as a 
carrier offers thermostability, non-toxicity, good mechanical 
strength, water stability (non-swelling), resistance to microbial 
degradation, as well as efficient sorption of metal ions21. 
Furthermore, mesoporous silica shows good adsorption 
capacity because of its high surface area, good selectivity 
and higher mass transport rates inside the porous structure19. 
Therefore, silica, as an inert material, which may act as a 
protector of immobilazed cells, can be used as a suitable 
carrier for immobilization of biomass22.

Additional reasons for application of mesoporous silica 
for the removal of heavy metals from water sources are its 
tunable pore size and richness in hydroxyl groups which 
allows the functionalization by grafting reactions of the silanol 
groups on the surface of silica particles with organic silanes23. 
Surface multi-functionality of these materials allows them to 
easily react chemically and bind/adsorb a specific target metal 
ion(s) on their surfaces. Amino-functionalized mesoporous 
silica materials (NH2-SBA-15) prepared by post-grafting can 
be further functionalized by the formation of Schiff base 
between amine end-capped silica and polyvinylpyrolidone 
(PVP) moieties24. As a result, the NH2-SBA-15 can display 
a moderate affinity toward heavy element ions under study. 
However, grafting of PVP moieties introduces a high affinity 
toward heavy metal ions24.

Silica particles applied as a support of hydrophilic 
nanoparticles (HNP) have also been used for removal of 
cadmium ions from water25,26. It was shown that the use of 
silica as support enhances the utilization range of the HNP 
active phase, making it more stable in a wider range of pH 
values. This was related to a stabilization of the solution pH 
due to the silica, which helps operating the HNPs in better 
conditions than those available when the particles are used 
in their colloidal form25,26.

Silicates, mainly in the form of aqueous alkaline sodium 
silicate solutions (water glass) were used for the synthesis 
of silica prior to silicon alkoxides. Silicates are non-toxic 
aqueous precursors with low environmental impact and 
they can be used under solvent-free conditions27. These 
properties of silicates allowed silicate-based processes to 
be recently re-investigated in the context of green sol–gel 
chemistry. It has been found that sodium silicates can be 
prepared by the fusion of silica sand with soda ash (sodium 
carbonate) or sodium hydroxide at 1100–1200 °C, with the 
resulting molten salt then being dissolved into water. During 
this process, it is possible to vary the Na:Si ratio in order 
to manipulate the nature of silicate types in the solution. 
Alternatively, silica can be extracted from higher plants, in 
particular, from Gramineae that transforms silicic acid into 
SiO2, which is accumulated up to 20 wt%28. Silica can also 
be extracted from rice hull ash using 1 mol/L NaOH. This 
extract was concentrated by volume reduction and adjusted 
to 3 mol/L NaOH. Concentrated silica extracts in 3 mol/L 
NaOH solution were used to produce flexible silicate films29.
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Having all this in mind, in order to make advanced 
biosorbents for removal of cadmium ions from aqueous 
solutions, we have developed two processing methods for 
immobilization of non-pathogenic and safe Leuconostoc 
mesenteroides and Saccharomyces cerevisiae cells. In the 
first method, microbial biomass was encapsulated by silica 
gel, whereas the second method was used for encapsulation 
of microbial biomass in silica-alginate composite material.

2. Materials and Methods

2.1. Cultivation of microbial biomass
The strain Saccharomyces cerevisiae (ATCC 2601) 

was maintained by subculturing on a Sabouraud Dextrose 
agar (SDA) (Merck) at 4 °C. The biomass of S. cerevisiae 
(ATCC 2601) was obtained by inoculation of SDA plates 
and incubation at 25°C for 48h. Culture suspension was 
prepared by carefully scraping (by sterile swab) in sterile 
distilled water and then centrifuged at 5000 rpm for 10 min, in 
order to separate the liquid (water) and solid (yeast biomass) 
phase. The yeast biomass was dried at 25°C for 12h, and 
grounded into fine particles. Leuconostoc mesenteroides 
(Insitute of Molecular Biology and Genetical Engineering, 
Belgrade) was maintained by subculturing on MRS broth 
(Torlak, Serbia) at 4 °C. The 250 mL Erlenmayer flask whith 
MRS broth was used for bacteria growth at 32°C for 24h. 
The bacterial biomass was separated from the growth medium 
by centrifugation (6000 rpm for 10 min) and washed with 
sterile distilled water.

2.2.Effect of cadmium ions on viability of L. 
mesenteroides and S. cerevisiae cells

The preliminary examination of potential effects of 
different concentrations of cadmium solution on viability of 
L. mesenteroides and S. cerevisiae was performed by modified 
disc diffusion method30. Briefly, the agar surfaces of MRS 
and SDA plates were inoculated with microbial suspension 
(inoculum 106 cells/mL). Sterile filter paper discs (diameter 
6 mm) (blank; HiMedia, Mumbai, India) were placed on the 
previously inoculated agar surfaces of the plates (Figure 1). 
Different concentrations of sterile cadmium solution (0.5, 1, 
2, 4, 8 and 10 mM) were prepared and 15, 20, and 25 μL of 
cadmium solution for each concentration was individually 
added onto the sterile filter paper discs (Figure 1).The control 
samples were prepared by the same procedure, but instead 
of cadmium solution, the sterile water was added onto the 
sterile filter paper discs. Inoculated plates were incubated at 
32°C for 48 hour (L. mesenteroides) and 25°C for 72 hours 
(S. cerevisiae) and the inhibition zone diameters were 
measured and expressed in millimeters. All experiments 
were performed in three replications. MS Excel (Microsoft 
Corporation, Redmond, WA) was used to calculate the mean 
and standard deviation.

2.3. Immobilization of L. mesenteroides and S. 
cerevisiae cells

Immobilization of L. mesenteroides and S. Cerevisiae 
cells was performed by two processing methods. In the 
first case, 0.564 g of L. mesenteroides or S. Cerevisiae cells 

were dispersed in 15 ml of silicate solution having a Na2O/
SiO2 molar ratio of 0.4 and SiO2 concentration 75.4 g/L, 
respectively (Figure 2a). The sulfuric acid (1 mol/L) was 
slowly added into stirred dispersion of cells and sodium 
silicate at 40°C to induce the generation (Figure 2b) and 
aggregation of silica nanoparticles, allowing the entrapment 
of yeast cells within the silica gel material (Figure 2c).The 
obtained silica-microbial cell material was washed, dried 
at room temperature and finally grinded into fine particles. 
The obtained samples were marked as S-Lm and S-Sc (Table 1).

In the second case, 0.375 g of the cell biomass was 
mixed with 2 ml of silicate solution (previously obtained by 
passing sodium silicate solution having a Na2O/SiO2 molar 
ratio of 0.4 and SiO2 concentration 362 g/L, in cation-
exchange resign (Amberlite IRC120 H, Supelco) and 8 ml 
of 5% w/v alginate solution. The mixture of sodium silicate, 
alginate and microbial cell was slowly added (Figure 3b) 
into previously prepared 0.1 M calcium chloride solution 
(Figure 3a). The silica-alginate/microbial cell material was 
washed and dried at room temperature. The obtained samples 
were marked as SA-Lm and SA-Sc (Table 1).

2.4. Removal of cadmium ions from aqueous 
solution

In order to test the cadmium ions removal ability of the 
free microbial cells and synthesized microbial based sorbents, 
as well as pure silica and pure alginate, a set of adsorption 
experiments was carried out. To investigate adsorption of 
cadmium ions from aqueous solution by L. mesenteroides 
or S. cerevisiae cells, 0.05 g of cell biomass was dispersed 
in 10 mL of 1 mmol/L aqueous cadmium(II) sulphate 
solution (pH = 6) under magnetic stirring. To investigate 
the adsorption of cadmium ions from aqueous solution 
by silica-microbial cell composites (samples S-Lm and 
S-Sc), 0.05 g of this composite material was dispersed in 
10 mL of 1 mmol/L aqueous cadmium(II) sulphate solution. 
The adsorption of cadmium ions from aqueous solution by 
alginate-silica-microbial cell composites was investigated 
by dispersing of 0.2 g of this composite materialin 10 mL 
of 1 mmol/L aqueous cadmium(II) sulphate solution. After 

Figure 1. Determination of the effect of cadmium ions (cadmium 
concentration of 1, 2, 4, 8 and 10 mmol/L) on viability of S. 
cerevisiae cells.
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appropriate contact time, the samples were centrifuged and 
small aliquots of supernatant were diluted in 1% (w/w) nitric 
acid. The effect of contact time was studied by varying time 
from 2 to 1400 minutes. The effect of pH value on cadmium 
removal by viable and immobilized cells was investigated 
at pH values 2, 4, 6 and 7. The effect of temperature on 
the removal of cadmium ions by the free microbial cells, 
pure alginate, pure silica material, as well as alginate-
silica-microbial cells composite was also investigated. 
The influence of temperature was investigated at an initial 
sorbate concentration of 1 mmol/L and the temperature was 
varied from 15, 30, 40 to 50°C, respectively.

The cadmium concentration, both in the initial and 
final solution, was determined by flame atomic absorption 
spectrometry using Perkin Elmer AAnalyst 200 system after 
calibration with stock solutions in the range of concentration 
of 0.5-4 mg/L. The equilibrium amount (adsorption capacity) 

(qe) of cadmium ions adsorbed on sorbent phase (mg Cd2+/g 
dry sorbent) was calculated in the following way:

( )0 e
e

C C
q V

m
−

= 

where C0 (mg·L-1) is the initial concentration of Cd2+, Ce (mg·L-1) is 
the equilibrium concentration of Cd2+, V (L) is the total 
volume of solution and m (g) is the mass of adsorbent. All 
experiments were performed in triplicates and the mean 
values were used in the data analysis.

Equilibrium isotherms study of cadmium removal were 
performed at different concentrations of cadmium (0.5, 1, 2, 
4, 8, 15, 30 mmol/L) and agitated for 3 h in a shaker at 30°C. 
The Langmuir adsorption model was utilized to describe and 
evaluate the experimental data31:

Table 1. Experimental sample information.

Sample notation Type of microoganism Type of support
The support/

microorganism weight 
ratio

The mass of used 
composite for Cd 

removal (g/L)

S-Lm Leuconostoc 
mesenteroides Silica 2:1 5

S-Sc Saccharomyces 
cerevisiae Silica 2:1 5

SA-Lm Leuconostoc 
mesenteroides Silica-alginate 4:1 20

SA-Sc Saccharomyces 
cerevisiae Silica-alginate 4:1 20

Figure 2. Preparation scheme of entrapment of microbial cells by silica gel.

Figure 3. Preparation of alginate-silica-microbial cell composite materials.
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where, qe was the equilibrium adsorption capacity of Cd2+ 
(mg/g), the qm was the theoretical maximum adsorption capacity 
of Cd2+ (mg/g), Ce was the Cd2+ equilibrium concentration 
(mg/L) and b was the Langmuir constant (L/mg).

The effect of simultaneous action of interfering ions 
(Na+, Ca2+, Mg2+, Fe3+, Zn2+, Mn2+, Cu2+, CO3

2-, Cl-, SO4
2-) 

on Cd2+ adsorption by silica-alginate-L. mesenteroides 
composite was investigated at 1 and 4 mmol Cd2+, respectively. 
The concentration of each interfering ion was 20 mg/L.

2.5. Leaching studies of microbial cell/support 
composite particles

The leaching of microbial cells from prepared composites 
was examined during 5 cycles of incubation in sterile destilled 
water (for 90 min for every cycle) under magnetic stirring. 
0.05 g of samples S-Lm and S-Sc were dispersed in 10 ml 
of sterile destilled water, respectively. On the other hand, 
0.2 g of SA-Lm and SA-Sc were dispersed in 10 ml of sterile 
destilled water, respectively. After each cycle, supernatant 
was collected and aliquot of supernatant was put in a Petri 
plate that contains a growth medium. Microbial desorption 
experiments were conducted by controlling the viability 
of the yeast and bacteria after every agitation cycle using 
the agar plate count method. Bacteria were grown under 
aerobic conditions, at 32 °C for 12h in MRS agar (Torlak, 
Serbia). Incubation of the yeast was performed at 25 °C in 
SDA agar for 48h. All experiments were performed in three 
replications. MS Excel (Microsoft Corporation, Redmond, 
WA) was used to calculate the mean and standard deviation.

2.6. Characterization of materials
The size and morphology of the particles were examined 

using a scanning electron microscope (SEM, JSM-6390 LV 
JEOL, operating at 30 kV) coupled with EDS (Oxford 
Instruments X-MaxN). Prior to SEM imaging, the samples 
were sputtered with gold. The zeta potential of particles 
was measured by dynamic light scattering (Zetasizer Nano 
ZS, Malvern Instruments). IR spectra were recorded on 

a Thermo Scientific Nicolet Sumit FT-IR spectrometer, 
using the attenuated total reflectance (ATR) technique with 
diamond crystal (Smart Orbit, Thermo Scientific, Madison, 
WI, USA). Spectral data were collected in the mid-IR range 
(4000–400 cm−1) with 32 scans and 4 cm−1 resolutions. Prior 
to recording of each sample′s spectrum, the background 
spectrum (16 scans) was recorded before every sample 
spectrum.

3. Results and Discussion

3.1. The characterization of microbial cells
SEM micrographs of Saccharomyces cerevisiae and 

Leuconostoc mesenteroides cells are shown in Figure 4. Average 
diameter of the single S. cerevisiae and L. mesenteroides cell 
was about 5 and 0.5 μm, respectively. Aqueous electrophoresis 
curves of L. mesenteroides and S. cerevisiae cells are shown 
in Figure 5. Both cells exhibit negative surface charges at 
the investigated pH range between 2 and 10, which may 
enhance the adsorption of the positevely charged metal ions 
through electrostatic forces.

EDS analysis with chemical mapping of S. cerevisiae 
(a) and L. mesenteroides (b) after exposure to Cd2+ ions 
from aqueous solution is shown in Figure 6. The chemical 
mapping showed that the blue spots correspond to the 
cadmium ions bound by cell. The presence of phosphorous 
on L. mesenteroides cells might be the consequence of its 
cultivation onto MRS broth containing dipotassium phosphate.

The adsorption isotherms of L. mesenteroides and 
S. cerevisiae cells are shown in Figure 7. Maximum adsorption 
capacity of S. cerevisiae and L. mesenteroides cells was 
18.5 and 78 mg/g, respectively. Comparative study of zinc 
binding capacity by three lactic acid bacteria (LAB) was 
examined by Mrvčić et al.32. The most effective LAB was 
L. mesenteroides (27.10 mg Zn 2+/g biomass). Yi et al.33 were 
studied potential use of L. mesenteroides for the removal of 
Pb(II) ions. The L. mesenteroides sp. showed greater lead 
resistance and removal capacity (the maximum adsorption 
capacity of this strain was 60.6 mg Pb/g). Althought, results 
obtained by these authors suggest that the adsorption was 
mainly mediated by exopolysaccharides33.

Figure 4. SEM micrographs of Saccharomyces cerevisiae (a) and Leuconostoc mesenteroides (b) cells.
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3.2.Effect of different concentration of cadmium 
solutions on viability of L. mesenteroides 
and S. cerevisiae

The results of the effects of cadmium on viability of 
L. mesenteroides and S. cerevisiae obtained by disk diffusion 
method are given in Table 2 (The results are also presented in 
Figure 1). The results showed inhibitory effect of cadmium 
ions for both microorganisms at cadmium concentration 
higher than 2 mM. The inhibition zones for S. cerevisiae 
were larger than those for L. mesenteroides, indicating that 
L. mesenteroides exhibits greater reistance. Furthermore, the 
cadmium concentrations of 0.5, 1 and 2 mM had no effect 
on viability of both L. mesenteroides and S. cerevisiae. 
The higher resistence to stress caused by cadmium, as well 
as the higher adsorption capacity of L. mesenteroides cells 
relative to that of S. cerevisiae cells, might be atributed to 
extra cellular production of dextran by L. mesenteroides 
cells that are believed to play an important role in metal 
biosorption by microorganisms34.

FTIR spectra of micelles obtained after incubation of 
L. mesenteroides in distilled water and 1 mmol/L aqueous 
cadmium(II) sulphate solution for 24 hours, under magnetic 

stirring, is shown in Figure 8, respectively. Intense absorption 
band in the region at 3360 cm-1 can be assigned to the stretching 
vibration of hydroxyl group bounds, indicating the presence 
of a polyhydroxilic compound. The band in the region at 
2928 cm-1 is due to stretching vibrations of C-H bonds.

The band in the region at 1636 cm-1 was due to bound 
water35. The main absorption bands that characterize the 
dextran α-(1→6) exopolysaccharide were found in the region 
of 1152 cm-1, being related to the vibrations of glycoside C-O-C 
bonds, as well as at 912 cm-1 and indicating the existence 
of this glycoside bond in the alpha (α) conformation33. 
The weak peak at 866 cm-1 was characterized as α-D-
glucose. The FTIR spectra clearly show the presence of 
dextran produced by L. mesenteroides. However, more 
intense bands were obtained in the presence of cadmium 

Figure 5. Aqueous electrophoresis curves obtained for L. mecenteroides 
and S. cerevisiae cells.

Figure 6. EDS spectrum and chemical mapping of the S. cerevisiae (a) and L. mesenteroides (b) cells after exposure to Cd2+ions.

Table 2. Cadmium effect on viability of L. mesenteroides and 
S. Cerevisiae.

Cadmium 
concentration 

(mM)

Diameter of inhibition zone (mm) 
(mean ± SD*)

Amount Leuconostoc 
mesenteroides

Saccharomyces 
cerevisiae(μL)

0.5
15 - -
20 - -
25 - -

1
15 - -
20 - -
25 - -

2
15 - -
20 - -
25 - -

4
15 8.3± 0.57 12.0± 0.00
20 11.0 ± 0.00 17.3± 0.57
25 12.0± 0.00 20.6± 1.15

8
15 10.3± 0.57 15.0± 0.00
20 12.0± 0.00 20.6± 1.15
25 14.6± 1.15 23.0± 0.00

10
15 12.0± 0.00 18.6± 1.15
20 14.0± 1.00 23.0± 0.00
25 18.0± 0.00 29.3± 0.57

*standard deviation
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ions, indicating the fact that cadmium ions not only induce 
bacterial exopolysaccharides synthesis in response to heavy 
metal stress, but also the produced exopolysaccharides which 
can appreciably adsorb this metal34.

3.3. Entrapment of microbial cells by silica gel
SEM micrograph of composite particles obtained by 

entrapment of S. cerevisiae and L. mesenteroides cells 
by silica gel are shown in Figure 9a (sample S-Sc) and 
9b (sample S-Lm), respectively. Obtained particles are 
polydispersed with irregular shape. The separate microbial 
cells are also visible, indicating the release of cells after 
grinding in fine particles.

The results of the microbial cell leaching from the silica 
support during stirring in sterile water are shown in Table 3. 
The greatest leaching of the yeast cells from silica/yeast 
composite particles (sample S-Sc) was noticed after the 
first cycle and was 80 CFU/ml. Leaching process gradually 
decreased over the next three cycles and was 31, 21 and 
10 CFU/ml, respectively.

The leaching of yeast cells was not detected after the 
5th cycle. On the other hand, bacteria cell leaching from 
silica/L. mesenteroides composite was 90 CFU/mL after 
the first and the second cycle, respectively. Then it grew on 
102.6, 161.3 and 1201.6 CFU/mL, after the third, fourth and 
fifth cycle, respectively.

Based on these results, it can be concluded that desorption 
of bacteria cells from silica carriers is more intense than 
yeast cells, probably due to smaller cell dimensions of 
L. mesenteroides cells allowing the faster leaching of 
bacterial cells.

The adsorption capacity of cadmium ions by L. mesenteroides/
silica and S. cerevisiae/silica composite particles is shown in 
the Figure 10. The saturation capacity of L. mesenteroides/silica 
composite particles of ~40.75 mg/g was reached after three 
cycles (Figure 10a). The saturation capacity of S. cerevisiae/
silica composite particles of ~26.71 mg/g was reached after 
two cycles (Figure 10b). These results show the higher binding 
capacity of L. mesenteroides/silica composite particles which is 
in correlation with previous results that showed higher binding 

capacity of free L. mesenteroides cells relative to S. cerevisiae 
cells. Compared to free microbial cells, the same weight of 
the silica/microbial cell composite (the silica/microbial weight 
ratio was 2:1) displayed higher binding capacity, indicating the 
important contribution of silica in adsorption of cadmium ions.

3.4. Entrapment of microbial cells by silica-
alginate composite particles

To overcome the problems arising from the use of 
powdered microbial cell/silica composites (e.g. separation 
of composite particles from mixture, leaching of cells from 
composites), the new approach of microbial cell entrapment 
was developed. This approach was based on dispersion of 
microbial cells in silicate/alginate solution followed by a 
dropwise addition into CaCl2 solution in order to induce 
gelling of alginate and formation of spherical particles.

Figure 11 shows SEM micrographs of silica-
alginate-S. cerevisiae (a, b) and silica-alginate-L. mesenteroides 
(c, d) composite particles. Average particle size is about 
1.5 mm. The microbial cells are clearly visible on the surface 
of particles. In order to visualize the internal structure of the 
composite particle, a SEM characterization with EDS mapping 
of the cross sectional area of silica-alginate-S. cerevisiae 
and silica-alginate-L. mesenteroides composites (used in 
12 adsorption cycles of cadmium from aqueous solution) was 
also performed (Figure 12). EDS maps (Figure 12b and 12e) 
clearly show the dispersion of cadmium (blew spots), silicon 
(green spots) and calcium (violet spots), indicating that 

Figure 7. Adsorption isotherms for S. cerevisiae and L. mesenteroides 
cells obtained at 30°C.

Figure 8. FT-IR spectrum of exopolysaccharides produced from 
L. mesenteroides: a) 24 hours of incubation in aqueous solution; 
b) 24 hours of incubation in 1 mmol/L aqueous cadmium(II) 
sulphate solution.
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the Cd is well dispersed in the cross-section of particles. 
The cavities with size of 200 μm (Figure 12 a, b) were also 
formed in the sample silica-alginate-S. cerevisiae, probably 
as a consequence of the shrinkage of silica gel during aging 
at ambient conditions. However, the cavities were not seen in 
the silica-alginate-L. mesenteroides sample, indicating that 
the dextran produced by L. mesenteroides acts as an efficient 
binder of silica nanoparticles36 preventing the shrinkage of 
silica gel during aging. EDS mapping image (Figure 12e) 
also shows that calcium is mainly distributed on the surface 
of the silica-alginate-microbial composite particles, indicating 
the formation of calcium alginate outer surface layer.

Different interactions may occur between components of 
the silica-alginate-microbial cell composite. On the surface 
of silica nanoparticles there are many silanol groups, which 

can be deprotonated37. Ca2+ ions, derived from a salt, can 
react with deprotonated silanol group38:

2Si O H Ca Si O Ca H− + + + +− + + ↔ − − +

The positively charged obtained silica surface can 
adsorb negatively charged alginate groups. The surface of 
L. mesenteroides cell is also covered with a thin layer of 
dextrane39. Dextran functional hydroxyl groups also offer an 
easy point for chemical conjuction with alginate and silica. 
As a result of all these interactions, the formation of stable 
composite material is allowed.

The Energy Dispersive X-ray analysis (chemical 
mapping and energy spectrum) of external (a) and internal 
(b) surface of silica-alginate-S. cerevisiae (sample SA-Sc) and 

Table 3. The leaching of microbial cell entrapped in silica gel.

Sample
Cell desorption (CFU/mL) (mean±SD*)

Cycles
1 2 3 4 5

S-Sc 80.0±1.15 31.0±1.53 21.0±1.00 10.00±0.00 -
S-Lm 90.0±0.00 90.3±0.57 102.6±2.51 161.3±1.15 1201.6±2.88

*standard deviation

Figure 9. SEM micrographs of silica-S. cerevisiae (a) and silica-L. mesenteroides (b) composite particles.

Figure 10. The effect of adsorption cycle number on cadmium binding capacity of L. mesenteroides/silica (a) and S. cerevisiae/silica (b) 
composite particles.
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silica-alginate-L. mesenteroides (sample SA-Lm) composites 
used in 12 adsorption cycles of cadmium from aqueous solution 
are shown in Figure 13 and Figure 14, respectively. EDS analysis 
of the external surface shows the presence of high levels of 
cadmium (27.24 wt. %) accumulated during 12 adsorption 
cycles (Figure 13a). On the other hand, the cadmium content 
in internal area was slightly lower (11.39 wt. %) (Figure 13b), 
indicating the diffusion limitation of cadmium ions through 

the porous structure of silica-alginate-S. cerevisiae composite. 
The level of cadmium on the external and internal surface 
of silica-alginate-L. mesenteroides (sample SA-Lm) was 
13.71 and 12.5 wt.%, respectively, indicating that the lower 
mass transfer resistance is probably caused by different silica 
porosity due to dextran action.

The results of the leaching of microbial cells from 
silica-alginate support during stirring in sterile water are 

Figure 11. SEM micrographs of silica-alginate-S. cerevisiae (a, b) and silica-alginate-L. mesenteroides (c, d) composite particles.

Figure 12. SEM micrograph and EDS mapping images of the cross sectional area of silica-alginate-S. cerevisiae (a, b, c) and silica-
alginate-L. mesenteroides (d, e, f) composites used for 12 adsorption cycles of cadmium from aqueous solution.
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shown in the Table 4. The leaching of yeast cells from silica/
yeast composite particles (sample SA-Sc) after the first 
cycle was only 10.33 CFU/ml. In the next four cycles, no 
leaching was detected. On the other hand, the leaching of 
bacteria cells was 20.66 and 10 CFU/ml after the first and 
the second cycle, respectively. In the next three cycles, no 
leaching was detected. The leaching of bacteria cells was 
higher relative to the leaching of the yeast cells probably 
due to their smaller size which allows easier leaching from 
the surface of support. However, the leaching of microbial 
cells from the alginate-silica composite particles was much 
lesser that the leaching from the silica powder (samples S-Sc 
and S-Lm) indicating that the second entrapement method 
could be useful for leaching prevention.

3.5. The effect of pH, temperature and time on 
binding capacity of microbial biomass-
silica-alginate biosorbent

The effect of pH on relative adsorption capacity of 
L. mesenteroides and S. cerevisiae, as well as, SA-Lm and 
SA-Sc composites is shown in the Figure 15. The relative 
adsorption capacity of the free cells was also shown and 
increased with increasing pH. The reason for this is the 
change in the cells zeta potential which became more 
negative as the pH of the solution increased (Figure 5). 
This effect promotes the adsorption of positive cadmium 
ions. The immobilized cells show a broader pH activity 
profile compared to the free cells. The immobilized cells 

Figure 13. EDS analysis of the external (a) and internal (b) surface of silica-alginate-S. cerevisiae composite (sample SA-Sc).

Figure 14. EDS analysis of the external (a) and internal (b) surface of silica-alginate-L. mesenteroides composite (sample SA-Lm).

Table 4. The leaching of microbial cell entrapped in silica-alginate composite particles.

Sample
Cell desorption (CFU/mL)(mean±SD*)

Cycles
1 2 3 4 5

SA-Sc 10.33±0.577 - - - -
SA-Lm 20.66±1.154 10.0±0.00 - - -

*standard deviation
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possessed more than 80% relative adsorption capacity in 
the pH range 2.0–7.0. The higher adsorption capacities 
might be attributed to the multipoint attachment of cells to 
silica-alginate support, which buffered variability of cells 
when the pH was changed40.

Тhe effect of temperature on the removal of cadmium 
ions by pure silica, pure alginate, L. mesenteroides, 
S. cerevisiae, silica-alginate-L. mesenteroides and silica-
alginate-S. cerevisiae composites is shown on Figure 16. 
The cadmium removal by S. cerevisiae cells increases with 
the increase of temperature. This showed that biosorption of 
heavy metals can be realized by different components of yeast 
cells, such as cell wall, cell membrane and cytoplast31. It is 
obvious that an increase in temperature promotes diffusion 
of cadmium ions through cell wall and cell membrane and 
their accumulation in cytoplast.

The surface of alginate based adsorbent is rich with 
functional groups including hydroxyl, carboxyl, amino, 
phosphonate and sulfonate groups. There was no significant 
change in binding capacity of alginate with temperature 
increase. This indicates that electrostatic forces rather than 
chemical bonds exist between functional groups of alginate 
and cadmium ions. L. mesenteroides cells displayed low 
relative binding capacity at 15°C (56.4%), and the highest 
relative binding capacity was reached at 30°C. At higher 
temperatures, 40 and 50°C, the relative binding capacity was 
about 82%. The highest extracellular dextran production by 
L. mesenteroides cells was obtained at 30°C41. The fact that 
both the highest binding capacity and the highest dextran 
production of L. mesenteroides were observed at the same 
temperature may indicate that dextrane plays an important 
role in cadmium removal. The adsorption capacity of pure 
silica decreases with the temperature due to the exothermicity 
of the adsorption process26. The relative binding capacity for 
the microbial-silica-alginate composites (samples SA-Lm 
and SA-Sc) is not significantly affected by temperature. 
The sample SA-Lm has slightly less relative binding capacity 
at 15°C, probably due to reduced dextran production at 
lower temperatures.

The effect of reaction time on cadmium binding capacity 
of SA-Lm and SA-Sc composite particles is shown in the 
Figure 17. The saturation capacity of samples was reached 
after approximately 180 minutes. The equilibrium amount 

(adsorption capacity) (qe) of cadmium ions adsorbed on 
SA-Lc and SA-Sc sorbent phase was 5.2 and 3.7 mg/g, 
respectively, indicating the higher binding capacity of silica-
alginate composite with L. mesenteroides cells.

Figure 15. The effect of pH on binding capacity of microbial cells (a) and SA-Lm and SA-Sc composites (b).

Figure 16. The effect of temperature on binding capacity of 
prepared adsorbent.

Figure 17. Effect of reaction time on cadmium binding capacity of 
SA-Lm (■) and SA-Sc (●) composites.
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3.6. Biosorption isotherms of pure and composite 
materials

The effect of adsorption cycle number on cadmium binding 
capacity at pH=6 of L. mesenteroides and S. cerevisiae cells 
entrapped by silica-alginate composite particles (samples 
SA-Sc and SA-Lm) is shown on Figure 18. Saturation 
capacity of L. mesenteroides entrapped in silica-alginate 
composite particles was reached after 24 cycles and was 
about 93 mg/g. On the other hand, saturation capacity of 
S. cerevisiae entrapped in silica-alginate composite particles was 
reached after 12 cycles and was about 33 mg/g. These results 
indicate the higher binding capacity of L. mesenteroides cells 
entrapped in silica/alginate particles relative to S. cerevisiae 
cells. As it was discussed above, the higher adsorption 
capacity of immobilized L. mesenteroides cells might be 

attributed to extracellular dextran production of bacterial 
cells. Compared to the powdered silica/L. mesenteroides 
cell composites (sample S-Lm), the saturation speed of 
silica-alginate-L. mesenteroides composite (the saturation 
capacity was reached after 24th cycle) was decreased due to 
the limited diffusion of the cadmium ions, which was caused 
by the internal mass transfer resistance. This resistance occurs 
in interstitial pores of larger silica-alginate-microbial cell 
composites and this problem could be solved by increasing 
the total pore size of composites.

Langmuir adsorption isotherms for free S. cerevisiae cells 
and synthesized microbial based sorbents (samples SA-Sc and 
SA-Lm), as well as pure silica and pure alginate are shown in 
Figure 19. The curve-fitting parameters were summarized in 
Table 5. The affinity constant obtained from the Langmuir model 
was 0.07 for S. cerevisiae, 0.0066 for silica, 0.009 for alginate, 

Figure 18. The effect of adsorption cycle number on cadmium binding capacity of silica-alginate-L. mesenteroides (a) and silica-
alginate-S. cerevisiae composite particles (b).

Figure 19. Langmuir adsorption isotherms for different adsorbents: a) alginate; b) silica; c) S. cerevisiae; d) silica-alginate-S. cerevisiae 
composite; e) silica-alginate-L. mesenteroides composite.
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0.0213 for SA-Lm, and 0.00547 L/mg for SA-Sc (Table 5). 
Isotherm data for L. mesenteroides cells did not have a good fit 
with Langmuir model probably due to intensive production of 
dextrane that acts as a new biosorption site. However, as shown 
in Figure 7, this resulted in high value of the maximum binding 
capacity (78 mg/g). S. cerevisiae cells have a greater affinity 
for Cd2+ than silica or alginate. S. cerevisiae wall represents 
30% of the dry weight of the cell and is composed largely of 
polysaccharides (85%) and proteins (15%)42. The maximum 
adsorption capacity of S. cerevisiae cells was 19.2 mg/g.

Silica-alginate-L. mesenteroides composite (sample SA-Lm) 
displays the greater affinity for Cd2+ (b=0.0213 L/mg) and 
greater binding capacity (86.65 mg/g) than other adsorbents. 
This can be explained by the action of dextrane produced 
by immobilized L. mesenteroides cells. Compared to the 
adsorption capacity of SA-Lm obtained after 24 cycles at 
initial Cd2+ concentration of 1 mmol/L (93 mg/g) (Figure 18a), 
the maximum binding capacity of SA-Lm obtained by 
the Langmuir model was slightly lower. The fact that the 
experimental data fits well with the Langmuir isotherm can 
be explained by the homogeneous distribution of active 
centers on SA-Lm and SA-Sc composites, since the Langmuir 
equation assumes that the surface is homogeneous43.

3.7. Effect of interfering co-ions on cadmium 
removal

Industrial wastewater usually contains other co-ions that 
can interfere with treatment processes8. Table 6 shows the 
effect of simultaneous action of co-existing ions (Na+, Ca2+, 
Mg2+, Fe3+, Zn2+, Mn2+, Cu2+, CO3

2-, Cl-, SO4
2-) on Cd(II) 

adsorption onto silica-alginate-L. mesenteroides composite 
at initial cadmium concentrations of 1 and 4 mmol/L, 
respectively. Results demonstrated that Cd(II) removal 
performance was not significantly affected by the presence 
of these ions, suggesting that there was a large number of 
adsorption sites in silica-alginate-L. mesenteroides composite, 
which prevent the competitive action of co-ions present in 
wastewater. Furthermore, the removal efficiency at 4 mmol/L 
was higher probably due to more intense dextran secretion 
at higher cadmium concentrations.

Generally regarded as safe S. cerevisiae and L. mesenteroides 
cells have been widely involved in numerous fermentation 
processes and represent the sludge remaining as a residue 
at the bottom of fermentation tanks. The sodium silicate 
solution can be obtained from agricultural waste29. On the 
other side sodium alginate can be obtained from renewable 
biomass44 or by some bacterial species using the low cost 
carbon sources (molasses, maltose, and starch)45. Having all 
this in mind, the obtained composite consisting of microbial 
biomass entrapped in silica-alginate composite particles 
can be recognized as a sustainable solution for wastewater 
treatment and belongs to the group of the low cost material46.

4. Conclusion
In this article, in order to produce advanced biosorbents 

for cadmium removal from aqueous solutions, two novel 
processing methods for immobilization of non-pathogenic 
and safe Leuconostoc mesenteroides and Sacharomyces 
cerevisiae cells have been presented. The first method is based 
on microbial biomass encapsulation by silica gel, whereas 
the second method was used for encapsulation of microbial 
biomass in silica-alginate composite material. The cadmium 
binding capacity of the Leuconostoc mesenteroides and 
Sacharomyces cerevisiae cells entrapped by the silica gel 
was ~40.75 and ~26.71 mg/g, respectively, indicating the 
contribution of the mesoporous silica to cadmium binding. 
It has been found that extracellular production of dextrane 
by L. mesenteroides cells might play an important role in 
metal biosorption by microorganisms. It was observed that 
the developed composite material displayed the leaching of 
microbial cells, with a higher degree of leaching for small 
size Leuconostoc mesenteroides cells. Furthermore, the 
entrapment of microbial cells in silica-alginate particles 
prevents desorption, resulting in high binding capacity of 
93 mg/g for immobilized Leuconostoc mesenteroides cells 
and theoretical maximum binding capacity of 54 mg/g for 
immobilized Sacharomyces cerevisiae cells. Biosorption 
of Cd(II) by Leuconostoc mesenteroides entrapped in 
silica-alginate composite particles was not affected by the 
presence of Na+, Mg2+, Ca2+, Zn2+, Fe3+, Cu2+ and Mn2+ ions 
in studied concentrations, suggesting that there was a large 
number of adsorption sites in used composite. The obtained 
composite consisting of microbial biomass entrapped in 
silica-alginate composite particles can be recognized as a 
sustainable solution for wastewater treatment and belongs 
to the group of the low cost material.
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