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Abstract

Bioflocculants are macromolecules produced by microorganisms in response to environmental factors (pH value
of soil, temperature, presence of metal ions). They are known to possess biosorption abilities and can be applied
as wastewater clarifiers. They possess interesting abilities to remove small particles that cannot be removed by
any other purification techniques. Bioflocculants may cause aggregation of particles through increasing their
molecular weight, which leads to their settlement at the bottom of a water reservoir. Their flocculation abilities
can be used for removing metal ions, which are formed in industrial processes (metallurgy, mining, petroleum
and chemical industry) as by-products accumulated in aquatic solutions. Biosorption of heavy metals by natural
flocculants is possible by neutralization of the surface charge. Flocculants characterized by a negative charge and
low zeta potential can aggregate with ions because repulsion forces formed during this process are weaker than
van der Waals forces. Further studies on mechanisms of bioflocculation are needed to find a safe and economic
way to prevent pollutant accumulation in natural ecosystems.
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Introduction

Water is the most important chemical substance
found in nature. It covers about 70% of Earth’s surface
and is an essential part of all living systems, and there-
fore it is crucial to protect natural sources of water from
contamination. Other factors can also affect the level of
water contamination. Chemical substances, such as pig-
ments, heavy metal ions, and other particles, which are
produced during industrial processes, can pose serious
public health problems (Li et al., 2013). Various me-
thods, such as reverse osmosis, electrodialysis, and ion
exchange, have been studied to remove pollutants from
wastewater. Although there are many different ways to
prevent the effects of harmful processes, efforts today
must be focused not only on repairing the damage al-
ready inflicted, but also on developing efficient methods
of water purification that are non-toxic and do not cause
secondary pollution (Liu and Cheng, 2010). One of pro-
cesses that fulfill all these needs is flocculation, a phe-
nomenon observed mostly in solutions.

Natural origin of flocculants

The mechanism of natural flocculation was first ob-
served in yeast cells by Pasteur (Salehizadeh and Shoja-
osadati, 2001). Since then, many studies have been con-
ducted to understand this mechanism better; however,
there is still a lot to be found about this process and its
all potential applications. Therefore, new organisms pro-
ducing components that are able to carry out flocculation
(called flocculants) are being searched. These parti-
cular compounds are known as Extracellular Polymeric
Substances (EPS) and have been reported in many kinds
of organisms such as bacteria, fungi, yeast, and algae
(Salehizadeh and Shojaosadati, 2001). Most biofloccu-
lant-producing microorganisms have been isolated from
soil and wastewater. The methods of bioflocculant pro-
duction and purification depend on the type of micro-
organisms from which the EPS is isolated. Although
many microorganisms have been investigated as EPS
producers, probably there is still a great number of new
organisms with a potential use for flocculant application.
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Table 1. Bioflocculants produced by different kinds of microorganisms
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Classification Class of microorganism Microorganism References
Arthrobacter sp. Lietal., 2014
Brevibacterium insectiphilum Nakamura et al., 1976
Cellulomonas sp. Nwodo and Okoh, 2012
. . Corynebacterium brevicale Nakamura et al., 1976
Actinobacteria ) .
Corynebacterium glutamicum He et al., 2002
Nocardia rhodni Tong et al., 1999
Rhodococcus erythropolis Kurane et al., 1986
Streptomyces vinaceus Nakamura et al., 1976
Alphaproteobacteria Methylobacterium rhodesianum Tong et al., 1999
Bacillus mucilaginosus Deng et al., 2003
Bacillus sp. Yokoi et al., 1995
Bacillus subtilis DYU1 Wu and Ye, 2007
Lactobacillus fermentum Fumio, 1991
Bacteria Bacilli Paenibacillus mucilaginosus Tang et al., 2014
Paenibacillus polymyxa SQR-21 Raza et al., 2011
Staphylococcus aureus Nakamura et al., 1976
Solibacillus silvestris Wan et al., 2013
Deltaproteobacteria Nannocystis sp. NU-2 Zhang et al., 2002
Azotobacter indicus Patil et al., 2010
Enterobacter sp. Yokoi et al., 1997
) Proteus mirabilis T]-1 Xia et al., 2008
Gammaproteobacteria
Pseudomonas fluorescens Raza et al., 2012
Serratia ficaria Gong et al., 2008
Klebsiella mobilis Wang et al., 2007
) Agrobacterium sp. Lietal., 2010
Proteobacteria - :
Alcaligenes cupidus Toeda and Kurane, 1991
Chlamydomonas reinhardtii Bafana, 2013
Chlorophyceae . .
Desmodesmus sp. Ndikubwimana et al., 2014
Algae Calothrix desertica Bar-Or and Shilo, 1987
Cyanophyceae . .
Oscillatoria sp. Bender et al., 1994
Dinophyceae Gyrodinium impudicum KG03 Yim et al., 2007
Aspergillus ochraceus Nakamura et al., 1976
Eurotiomycetes Aspergillus flavus Aljuboori et al., 2013
Penicillium sp. Liu and Cheng, 2010
Eurotiomycetidae Monascus anka Nakamura et al., 1976
Fungi
unst Mucormycotina Rhizopus sp. Puetal, 2014
Hansenula anomala Nam et al., 1996
Saccharomycetes

Kluyveromyces marxianus

Sousa et al., 1992

Sordariomycetes

Pestalotiopsis sp.

Kwon et al., 1996
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Microorganism

Table 2.
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The characteristics of bioflocculants investigated in the last decades

Composition of flocculant

Characteristics

References

Aspergillus parasiticus

polysaccharide (76.3%), protein (21.6%)

the removal of anio-
nic dyes

Deng et al., 2005

polysaccharide (14.9%), polyami-

flocculating activity

Bacillus subtilis DYU1 des (48.7%), protein (4.4%)

effective at pH 6-7 Wu and Ye, 2007

Citrobacter sp. BL-4

polysaccharide contained glucosa-
mine (97.3%) and rhamnose (2.7%)

the structure similar

to chitosan Kim et al., 2006

Corynebacterium glutamicum | polygalacturonic acid

80% flocculating acti-

vity He et al., 2002

Gyrodinium impudicum KG03

polysaccharide contained uronic
acid (2.9%) and sulfate groups (10.3%)

effective over a wide
temperature range
and under acidic con-
ditions

Yim et al., 2007

Klebsiella pneumoniae MBF-5

polysaccharide (96.8%), protein (2.1%)

the removal of amoe-

bae cysts from water Kobayashi et al., 2002

Nannocystis sp. NU-2

polysaccharide (56.5%), protein (40.3%)

cations (Fe* and AI*")
stimulate flocculating
activity

Zhang et al., 2002

Paenibacillus elgii B69 .
acid, mannose, xylose)

polysaccharide (glucose, glucuronic

the application in wa-

Lietal., 2013
stewater treatment

Proteus mirabilis T]-1

polysaccharide (63.1%), protein (30.9%)

the optimal condi-
tions for production:
pH 7; 25°C; 130 rpm

Xia et al., 2008

Solibacillus silvestris W01

polysaccharide (75.1%), protein (24.9%)

the application in har-
vest of Nannochloro-
pSis oceanica

Wan et al., 2013

Table 1 presents information on the subject of biofloccu-
lants in the context of the past few decades.

The composition and characteristics of a particular
bioflocculant depend on the microorganisms producing
appropriate polymers. Many factors connected with
growth conditions play a crucial role in deriving biofloc-
culants, and it is very important to optimize the compo-
sition of the culture broth and all steps of biopolymer ex-
traction and purification. It has been reported that selec-
tion of an appropriate temperature of culture, the pH
value of culture broth, the growth phase of microorga-
nism cultures, carbon and nitrogen sources, and the con-
centration of znoculum can significantly affect the floccu-
lation activity of the EPSs obtained and the efficiency of
their purification. The optimization of the synthesis and
the process of purification of natural flocculants from
microorganism cultures may encounter two issues limi-
ting applications of these substances in industry. These
are the high production cost and the low productivity of

particular strains of microorganisms (He et al., 2002).
The diversity of natural bioflocculant sources in terms of
their composition and properties of analyzed substances
can be noticed. Depending on microorganisms, it is pos-
sible to obtain products with unique features, characte-
ristic only for a particular type of bacteria, fungi, or
algae. Table 2 presents the diversity of the bioflocculants
studied and summarizes the basic knowledge about
them.

Mechanism of flocculation

A possible application in industry requires the know-
ledge of basic mechanisms that can affect properties of
products that are pivotal in everyday use. Therefore, it is
important to determine the active components of biofloc-
culants participating in the flocculation process (Li et al.,
2014). Generally, flocculation is a physicochemical pro-
cess that occurs between particles suspended in a solu-
tion and flocculants-polymeric substances with high floc-



Purification of wastewater by natural flocculants

rticle
/ "

+H§H%

polymer

275

B
Yy particle
'\"_‘n _ /

o)

g h

S

Mot e “3 ’
T

polymer

Fig. 1. Bridging mechanism of flocculation process: A) formation of a bridge between particles and the flocculant; B) aggregation
of particles bound by a long-chain polymer (http://www.siltstop.com/pdf/flocculation-theory_application.pdf)

culation activities. Bilateral interactions of these two
components lead to the formation of bonds that cause
agglomeration and, in consequence, sedimentation of
the formed molecules. Several explanations for the floc-
culation mechanism have been offered, for both natural
and synthetic flocculants, including a bridging mecha-
nism, an electrostatic patch process, charge neutraliza-
tion, and displacement as well as depletion of floccula-
tion (Lee et al., 2014). The bridging mechanism descri-
bes a majority of the flocculation processes, especially
when the function of natural flocculants is investigated
(Salehizadeh and Shojaosadati, 2001). The bridging phe-
nomenon occurs in a solution where biopolymers with
long chains are present and that these biopolymers can be
absorbed concomitantly on more than one particle, bin-
ding them together by formation of “bridges” (Fig. 1a).
It is required for polymers with long chains to bind to
molecules suspended in the solution. The polymer can
absorb on colloidal particles during the formation of
loops and chains. When another molecule (with free ab-
sorption spots) comes across these structures, binding
takes place and basic aggregates are formed. This kind
of mechanism yields flocs bound more strongly than du-
ring other processes and depends on the molecular
weight and charge of polymers added to the solution
(Tripathy and De, 2006). Another explanation of the floc-
culation process is based on the natural ability of com-
pounds to possess an electrostatic charge that can be
different even between particles present in the same so-
lution. The addition of a biopolymer can reduce the sur-
face charge of individual molecules and can induce re-
duction of the repulsion force between particles, causing
aggregation and formation of flocs (Fig. 1b) (Lee et al.,
2014). Therefore, the charge of neutralization depends

on van der Waals forces and the zeta potential of the bio-
flocculant molecule. A higher zeta potential causes the
reduction of van der Waals forces, and consequently, no
aggregate particles are formed. In contrast, a low zeta
potential and strong van der Waals interaction cause ag-
gregation of particles (Lee et al., 2014).

The flocculation process might also be explained by
the patch mechanism (Fig. 2), which operates when the
polymer added to the solution has a low molecular
weight and occurs as a short-chain molecule. In this situ-
ation, the polymer is not able to neutralize the electro-
static charges on the whole surface of suspended parti-
cles and specific sites (named “islands” or just “pat-
ches”) are created on the external layer of the particles
(Tripathy and De, 2006). This area is a specific space on
the surface of the particle where the negative charge is
neutralized by positive functional groups of the floccula-
ting polymer. The flocs obtained through this kind of in-
teractions are weaker than those formed during the bri-
dging process, but they are not as loosely bound as those
formed during the basic charge neutralization (Lee et al.,
2014).

Application of flocculants in wastewater treatment

Nowadays, the application of flocculants in the water
purification process has been thoroughly investigated
and verified (Lee et al., 2014). The occurrence of harm-
ful substances from different branches of industry poses
a serious problem not only for the environment, but also
for human health. It has been reported that the use of
synthetic flocculants is efficient but is still not safe for
the environment. Therefore, natural flocculants have
been intensively studied for the last decades. Despite
many advantages like biodegradability, non-toxicity, and
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Fig. 2. Electrostatic patch mechanism of flocculation process: negatively charged particles (A); positively charged flocculants (B);
interaction between suspended particles (C) (based on Sharma et al., 2006)

diversity of biopolymers with flocculating activity, it is
necessary to optimize the whole process of their deriva-
tion. Studies on flocculating substances have shown sig-
nificant productivity in the reduction of specific environ-
mental parameter values, such as total suspended solids
(TSS), turbidity, chemical oxygen demand (COD), and
the level of decolorization, with 90% reduction after the
application of the polymers studied (Lee et al., 2014).
Gong et al. (2008) have reported that an exopolysaccha-
ride from Serratia ficaria can be used in different indus-
trial wastewater treatments, for example, generated du-
ring soy sauce brewing and production of pulp and pa-
per. Furthermore, a polysaccharide polymer obtained
from Bacillus mucilaginosusis very efficient in the remo-
val of 85% of suspended solids (SS) from starch waste-
water with 68.5% reduction of COD (Deng et al., 2003).
An exopolymer obtained from Paenibacillus elgii strain
B69 has been proved to remove COD and turbidity in
68% and 83%, respectively (Li et al., 2013). In addition,
many studies have reported that macromolecules with
flocculating activities are able to remove heavy metal
ions by biosorption achieved by simple charge neutra-
lization and, in rare cases, by the bridging mechanism
and electrostatic patch mechanism (More et al., 2014).
Many flocculants can also eliminate dyes from textile
industry wastewater. The dye-biosorption ability of EPS
is connected with the presence of various functional
groups (hydroxyl, amino, phosphate, carboxyl) in the
exopolymer molecule, which are responsible for attrac-
tive forces between the dye and the biopolymer (More
et al., 2014). During this process, most substances pre-
sent in wastewater are bound and, in consequence, can
be removed by filtration or decantation. Further applica-

tions of bioflocculants are also interesting and important
from the scientific point of view. For example, biofloccu-
lants can separate oil from emulsion, remove cells from
culture broths, eliminate toxic organic compounds, and
can be useful in wastewater treatment plants (Salehiza-
deh and Shojaosadati, 2001; More et al., 2014).

Conclusions

The pollution of environment is an increasing threat
to human beings. To protect our environment, we should
improve well-known techniques and develop new me-
thods of water purification. The application of natural
flocculants is a non-toxic and more eco-friendly solution
to purify wastewater from heavy metal ions, dyes, and
other suspended particles. Moreover, bioflocculants are
biodegradable, which is a desirable feature of this kind
of products. The optimization of bioflocculant derivation
and purification might be a huge step to an industrial
application of these natural substances.
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