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Abstract: Multiple microorganism consortia have been reported to improve bioflocculant yield and
flocculating activity compared to single strains. Consequently, the study aimed at improving bioflocculant
yield through construction of a consortium of Bacillus safensis KX694275 and Bacillus sp. KC782848.
The bacteria were previously isolated from uMlalazi catchment, in the Province of KwaZulu-Natal,
Republic of South Africa. The bioflocculant was produced optimally using 2% (v/v) inoculum size, starch
and ammonium sulphate as energy sources, Fe3* as a stimulating agent, shaking speed of 165 rpm,
temperature of 30 °C and initial pH 3. Compared to single strains yields of 1.55 g (Bacillus sp.) and 2.10
g (B. safensis) per Litre of fermented broth, a mixture of the two cultures produced 8.5 g bioflocculant
yield from 1 Litre of fermentation broth after 72 hrs incubation. 0.4 mg/mL dosage was optimally clarified
4 g of kaolin clay in 1000 mL of distilled at neutral pH. The thermostable bioflocculant was effective over
a wide range of pH with the maximum flocculating activity of 95% obtained at pH 8. The microbial
flocculant was composed of carbohydrate (78%), protein (05%) and uronic acid (16%). FTIR analysis
revealed the presence of hydroxyl, carboxylic and amine group in its molecular chain as the main
functional groups responsible for flocculation process. The high flocculation efficiency obtained with the
purified bioflocculant portends its industrial applicability.

Keywords: Bacillus safensis, consortium, bioflocculant, flocculating activity, kaolin clay, Bacillus sp.

INTRODUCTION which do not easily settle down. Effective disposal

Organic water frequently holds rigid pollutants of these colloidal dispersions in water and
that can be classified as suspended colloids, wastewater is greatly impacted by the
detritus or dissolved particles (Spellman, 2014). electrokinetic properties on the surface of the
These pollutants have the ability to root water- colloids (Spellman, 2014). Physico-chemical

borne diseases including cholera, if not effectively treatment such as flocculation has being
removed (Hemsen and Dube, 2004). They are employed in the removal of these colloidal
often suspensions of nanoparticles that are pollutants (Karthiga and Natarajan, 2015).

thermodynamically unstable, kinetically non-labile Flocculation, as a treatment method, is a
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physical purification technique whereby
destabilized colloidal particles are enhanced to
agglomerate and form large flocs (Salehizadeh
and Shojaosadati, 2001). These flocs formed can
be effectively and easily detached through
sedimentation, floatation and filtration processes.
Flocculants are flocculating agents which are
grouped according to their chemical composition
into three groups, namely inorganic, organic
synthetic and biological flocculants (Yim et al.,
2007). Synthetic (organic and inorganic)
flocculants have been primarily actionable in
different biotechnological fields due to their cost
effectiveness and reliability (Yumei et al., 2014).
However, they have been reported to have
negative effects towards human health and the
environment (Arafa et al. 2014). Reports show
that they cause neurotoxin and cancer derivatives
(Serdar et al. 2011) and they’re non-degradable in
nature (Ahmad et al. 2015).

Bioflocculants are extracellular polymeric
substances often secreted by bacteria, as they
grow, as a result of bacterial interaction with the
environment due to substrate metabolism,
bacterial maturation, cell lysis and degradation of
bacteria or bacterial chemical components
(Komilis et al., 2016). Bioflocculants are
composed of organic components including
polysaccharides, lipids, proteins, nucleic acids
and other polymeric compounds (Carlos et al.
2011). They are effective at low dosage
concentrations, benign in nature, innocuous to
humans and animals and dearth secondary
pollution. However, bioflocculant manufacturing
has been restricted by insufficient production
yields by microorganisms (Maliehe et al. 2016).
The lack of knowledge concerning the
characteristics of active components has also
contributed to their restrictions (Liu et al. 2015).
Nevertheless, researchers have recently focused
attention on increasing their yields through the
use of microbial consortia (Zhang et al. 2007). As
the microorganisms naturally do not reside in
segregation but they exist together and result in
synergistic and symbiotic relationships. Reports
show that the fusion of strains of microorganisms
in consortia result in bioflocculants with better
flocculation efficiency and greater bioflocculant
yields as opposed to individual strains (Zhu et al.
2004). Thus the study focused mainly on the
production and characterization of bioflocculant
from the consortium of Bacillus safensis
KX694275 and Bacillus sp. KC782848 in the
attempt to improve the yield.

MATERIALS AND METHODS

Isolation and maintenance of bacterial strains

The bacteria were isolated from the sediments
and water samples collected from uMlalazi
catchment, Mthunzini area in the Province of
KwaZulu-Natal. Serial dilutions and spread plate
techniques were performed as describe by
Jensen et al. (2005). Hundred microliters (100 uL)
of diluted and undiluted water samples were
grown into the nutrient agar plates up to 72 hrs at
37 °C. Colonies were selected randomly based on
their morphology, size as well as structure and
subcultured into nutrient agar plates to obtain pure
cultures. Pure cultures were maintained in 20%
glycerol broth at -80 °C refrigeration in the
Microbiology laboratory at the University of
Zululand.

Sample preparation

The sample was prepared according to the
description of Cosa et al. (2011). A production
medium made up of glucose (20 g), urea (0.5 g),
yeast extract (0.5 g), (NH4)2S04 0.2 g), KH2PO4 (2
g), K2HPO4 (5 g), NaCl (0.1 g) and MgSOa4 (0.2 g)
was prepared in 1000 mL of filtered natural sea
water. About 50 mL of production medium was
transferred into 100 mL conical flasks prior to
autoclaving at 121 °C for 15 min. Fifty millilitres of
sterile production medium was inoculated with
one loop full of bacterial colony and incubated for
72 hrs at 30 °C in a shaker at 160 rpm. Two
millilitres (after incubation) was centrifuged at
8000 x g for 30 min at 4 °C to remove bacterial
cells. The cell-free culture supernatants were
used to determine flocculating activities.

Bacterial consortium

B. safensis KX694275 and Bacillus sp
KC782848 were used in mixture to build bacterial
consortium. One loop full colony from each strain
was inoculated separately into 50 mL of the
fermentation broth and incubated for 72 hrs at 30
°C with the shaking speed of 160 rpm. The
fermented broth was then used as the standard
inoculum. For construction of the bacterial
consortium, 1 mL of the standard inoculum of
bacterial strains were both inoculated into the
same 50 mL of the freshly prepared fermentation
medium and incubated at 30 °C for 72 hrs in the
shaking incubator with a speed adjusted to 160
rpm. After 72 hrs of fermentation, the fermented
broth was centrifuged at 8000 x g for 30 min, 4°C
and the clear supernatant was wused for
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determination of flocculating activity (FA) (Zhang
et al. 2007).

Determination of flocculating activity

The method used by Ugbenyen et al. (2012),
a modification of Kurane et al. (1986) was used
for determination of the flocculating activity of the
constructed bacterial consortium. Kaolin clay was
used as the test material. A kaolin clay solution of
0.4% was prepared in 1 L of distilled water. 100
mL of kaolin clay solution was dispensed
measured into 250 mL conical flask. 3 mL of 1%
w/v CaClz and 2 mL of obtained cell-free
supernatant were added. The mixture was shaken
vigorously for 1 min and transferred into 100 mL
measuring cylinder. The mixture was then allowed
to sediment for 5 min at room temperature. The
control was prepared by replacing the cell-free
supernatant with freshly prepared production
medium. The optical density (OD) of the clarifying
supernatant was measured using ultra-violet (UV)
spectrophotometer at 550 nm. The flocculating
activity was calculated using the following formula:

Flocculating Activity (%) = [(A =B)/A)] x 100

Where A is the optical density of control at 550 hm
and B is optical density of a sample at 550 nm.

Optimisation of culture medium conditions for
bioflocculant production

The optimum medium culture conditions for
improved flocculating activity as well as
bioflocculant production were established. The
inoculum size (%, v/v), nutrients sources, initial pH
of culture medium, shaking speed, temperature,
cations, and time course were varied.

Determination of inoculum size

Different concentrations of the constructed
consortium broth culture were prepared ranging
from 1- 5% (v/v). Inoculations were made to 50
mL production medium and incubated for 72 hrs
at 30 °C and 160 rpm shaking speed. After 72 hrs
of incubation, their flocculating activities were
evaluated using kaolin clay solution (0.4% w/v).
The flocculating activity was measured as
described above (Piyo et al. 2011).

Effects of energy sources on flocculating
activity

To determine an appropriate energy (carbon
and nitrogen) sources for bioflocculant production,
flocculating bacteria in consortia were supplied
with various carbon sources (glucose, fructose,

sucrose, lactose, maltose, xylose and starch).
Preparations were made by substituting glucose
with same concentration (20 g/L) in the production
medium. The effects of various organic nitrogen
sources (yeast extract, peptone and urea) and
inorganic nitrogen sources [(NH4)2SOs4+ and
(NH4)2NO3] were assessed by incorporating each
in basal medium replacing the initial nitrogen
sources of 1.2 g made up of urea (0.5 g) yeast
extract (0.5 g) and (NH4)2SO4 (0.2 g) in equivalent
amounts. Flocculating activities were measured
thereafter (Zhang et al. 2010).

Effect of
activity
The effect of shaking speed on the
flocculating activity was investigated using the
method described by Ogunsade et al. (2015).
Different shaking speeds were used in the range
of 0 - 220 rpm at 30 °C for 72 hrs on a rotary
shaker prior to the determination of the
flocculating activity of the test microorganisms.

shaking speed on flocculating

Effect of initial pH on flocculating activity

The initial pH of the culture medium was
adjusted to 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0,
11.0 and 12.0 with 1 N HCI and 1 N NaOH prior to
incubation at each of these pH values. The
flocculating activities were measured (Ntozonke et
al., 2017; Akapo et al. 2019).

Effect of heat on flocculating activity

To study the effect of heat on the flocculating
activity of an organism, the method described by
Makapela et al. (2016) was used. The flocculating
bacterial consortium in optimum medium was
incubated at different temperatures such as 20,
25, 30, 35, 40, 45 and 50 °C, for 72 hrs at 160
rom. The flocculating activity was determined
thereafter as described above.

Effect of metal ions on flocculating activity

To investigate the effect of metal ions, 3 mL
cation and 2 mL bioflocculant were added into 100
mL kaolin solution. CaClz solution (1% wi/v) used
as a stimulating agent was replaced by various
metal salt solutions including 1% (w/v) sodium
chloride (NaCl), potassium chloride (KCI), lithium
chloride (LiCl), manganese chloride (MnCly),
barium chloride (BaClz), magnesium chloride
(MgCl2) iron chloride (FeCls) and flocculating
activities were measured (Nie et al. 2013).
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Time course assay

The effect of fermentation time on flocculating
activity by the test organisms was conducted in
accordance with a method by Gao et al. (2006).
Bacterial culture in consortium was grown under
obtained optimal growth conditions. Seed culture
was prepared by inoculating 50 mL enriched
medium with 2% inoculum of the consortium and
incubated at 30 °C in a rotary shaker (165 rpm).
For optical density (ODeoo nm) test, freshly
prepared saline solution was used to dilute
fermented broth to 0.1. From the seed culture, 2%
inoculum was inoculated to 50 mL of sterile
production medium in 100 mL conical flask and
incubated for 7 days at 30 °C and shaken at 165
rom. About 10 mL aliguot were withdrawn
periodically at timed intervals of 12 hrs for 5 days
to measure pH and cell growth (ODeoo nm). 2 mL
was centrifuged at 8,000 x g for 30 min and the
cell- free supernatant was used to determine the
flocculating activity as described by Kurane et al.
(1986).

Extraction and purification of the bioflocculant

The concentration and purification  of
bioflocculant from the bioflocculant-rich broth was
done in accordance with the methods of Chang et
al. (1998) and Chen et al. (2003), with minor
alterations. After 72 hrs of fermentation, the
culture broth was centrifuged at 8,000 x g, 4 °C for
15 min. To eliminate the undissolved materials,
one volume of deionized water was mixed with the
supernatant phase and re-centrifuged at 8,000 x g
for 15 min, 4 °C. Two volumes of ice-cold ethanol
were added to the supernatant and the mixture
was incubated at 4 °C for 12 hrs. After 12 hrs of
incubation, the precipitate was collected and
vacuum-dried to obtain a crude bioflocculant. The
obtained crude product was dissolved in 100 mL
distiled water to yield a solution (w/v). One
volume of a mixture of chloroform and n-butyl
alcohol or methanol (5:2 v/v) (2:1) was added into
the bioflocculant solution. After agitating, the
mixture was left to stand at room temperature for
12 hrs to remove impurities. The top layer of the
mixture was collected and vacuum dried to obtain
a purified bioflocculant.

Characterization of a purified bioflocculant

Chemical composition analysis of the purified
bioflocculant

The total sugar content was determined using
the phenol-sulfuric method as described by
Chaplin and Kennedy (1994) with glucose used as

a standard. Bradford method as described by
Bradford et al. (1976) with Bovine serum albumin
(BSA) as a standard was used to estimate the
total protein content of the purified bioflocculant.
Uronic acid content of a bioflocculant was
measured using carbozole method (Cesaretti et
al., 2003) with glucoronic acid as a standard.

Scanning electron microscope (SEM) analysis
of a bioflocculant

The surface morphological structure of the
purified bioflocculant as well as the elements
present in the bioflocculant was determined using
scanning electron microscope equipped with an
energy-dispersive X-ray analyser (EDX) (JEOL
JSM-6100). A Tungsten (W) filament and
acceleration voltage of 12 kV was used to take
images with an emission current of 100 A.
Bioflocculant powder was placed on copper stubs
with double-sided carbon tape and carbon coated
using the JEOL vacuum evaporator. The samples
were then analysed and EDX was performed
using JEOL JSM 6100 SEM with Bruker Quantax
Esprit software. The elemental composition of a
purified bioflocculant in percentage weight was
recorded.

Fourier transform infrared spectrophotometer
(FT-IR) analysis

The presence of functional groups in the
purified bioflocculant was investigated using the
Bruker Tensor 27 Fourier transform infrared
spectrophotometer (Bruker, Gauteng, South
Africa) with standard ATR cell. Prior to every
analysis, the surface of the cell was cleaned with
ethanol. For proper contact between the surfaces,
the pressure was adjusted to 90 gauge.

Thermogravimetric analysis (TGA)

The pyrolysis analysis of the purified
bioflocculant was assessed using
thermogravimetric analyser, Perkin-Elmer

Thermal Analysis Pyris 6 TGA in a closed
perforated aluminium pan under nitrogen gas with
a flow rate of 40 cc/min. To analyse, 10 mg of a
bioflocculant was used over the temperature
range of 30 — 800 °C at a heating rate of 10.00
°C/min.
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Flocculation characteristics of

bioflocculant

a purified

Effect of dosage concentration on flocculating
activity (Jar test)

To determine the optimum bioflocculant
dosage, the method used by Ogunsade et al.
(2015) was followed with minor changes. Various
concentrations of aqueous bioflocculant solutions
were prepared and used for the determination of
the optimum bioflocculant dosage. Concentrations
of 0.2, 0.4, 0.6, 0.8 and 1.0 mg/mL were used.
Two millimetres of the bioflocculant solution was
mixed with 100 mL of kaolin suspension (0.4%
w/v) containing 1% (w/v) CaClz in 250 mL conical
flask. The solution was agitated rapidly and
transferred into 100 mL graduated cylinder and
left to settle for 5 min at room temperature. About
1 mL of the clear upper phase of the supernatant
was removed for determination of flocculating
activity. The flocculating activity was measured at
550 nm as previously described.

Effect of cations on flocculating activity of a
purified bioflocculant

To investigate the influence of different metal
ions on flocculating activity of a purified
bioflocculant, the method by Zulkeflee et al.
(2012) was utilized. The analysis was done by
replacing the 1% (w/v) CacCl: solution with various
salt solutions including KCI, NaCl, LiCl, BaClz,
MgClz, and FeCls, at the same concentration.
Flocculating activity was measured as previously
described wusing the optimum bioflocculant
concentration.

The effect of heat on flocculating activity of a
bioflocculant

To investigate the thermal stability of the
purified bioflocculant, the method by Ahmad et al.
(2015) was utilized. The optimum bioflocculant
was dissolved in distilled water to prepare a
bioflocculant solution (w/v). 2 mL aliquots of the
bioflocculant solutions were heated for 30 min at
different temperatures ranging from 50 — 100 °C.
The residual flocculating activities were measured
using kaolin solution (0.4% w/v) as described
previously at room temperature.

The pH stability of a bioflocculant

The pH stability of a purified bioflocculant was
determined according the method used by
Okaiyeto et al. (2013). The pH of kaolin solutions
in separate flasks were adjusted to different pH
values ranging from pH 3-12 using 1N NaOH and

1IN HCI prior to the assessment of flocculating
activity. Flocculating activity was measured as
previously described using the optimum
bioflocculant concentration.

Statistical analysis

All experiments were conducted in triplicate,
with the mean and standard deviation for each
experiment determined using Graph Pad Prism ™
6.1. Statistical differences in the percentage
bioflocculant activity amongst the treatment mean
was analysed using the analysis of variance
(ANOVA) test, where differences greater than
0.05 are considered significant.

RESULTS AND DISCUSSION

The secretion of biological active microbial
flocculants is naturally very low. This is due to the
fact they are less important for the microbial
growth or only the small amount they need for
satisfaction of their primary needs. Normally, the
less synthesis of active compounds is often in line
with unfriendliness economically, particularly at
industrial level (Barredo, 2005). Therefore,
optimization of culture condition for cultivation is
done not only to increase microbial flocculants
production but also to improve flocculating activity.
Naturally, microbes coincide in bionomical niches
and also possess correlations that have number
of practical biotic effect adequacy for the entire
interacting species. According to Maliehe et al.
(2016), microorganisms biologically interact with
each other as well as their nearby parameters
(physical and chemical) in different ways resulting
in a complete complicated relationship, including
synergism and symbiosis. Reports, however,
show that the use of combination of strains in
consortium has proven to vyield a Dbetter
bioflocculant with an improved flocculating activity
as opposed to utilization of single strains of
bacteria (Cosa and Okoh, 2013). Thus, this study
was focussed mainly on the production and
characterization of a bioflocculant from the
combination of two microorganisms in consortium.

Optimization of culture conditions for

bioflocculant production

The effect of inoculum size on bioflocculant
production

Inoculum size is a fundamental factor in the
cell growth as well as in the bioflocculant
production as the small inoculum size extends the
lag phase of growth which can hinder the
bioflocculant production and outsized inoculum
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size makes the niche of the strains overlap
extremely and inhibiting the growth and
production due to a lack of oxygen and not
enough supplier of the nutrients (Tawila et al.,
2018). In this study, the effect of inoculum size

100 A

Flocculating activity (%)

< S
S ~°

range of 0.5 mL (1% v/v) - 2.5 mL (5% v/v) in 50
mL of sterile production medium was investigated
and the results obtained are depicted in Figure 1.

< () <

Inoculum size (mL)

Figure 1: Effect of inoculum size on flocculating activity of the mixed culture

The flocculating activity greater than 70% was
observed in all inoculum sizes tested with the
highest flocculating activity of 90% obtained with 2
mL [4% (v/v)] inoculum size. Above and below 4%
(2 mL) inoculum size, the flocculating activity
decreased. Therefore, the 4% (v/v) inoculum size
endorsed the adaptation of strains to the
production medium thus promoting the production
of bioflocculant (Li et al., 2009). An inoculum size
of 4% (v/v) was used in all subsequent tests.
Similar optimum inoculum size (4% v/v) was
reported by Ntsangani et al. (2017) for
bioflocculant  production by Bacillus sp.
AEMREG4. 4% (v/v) inoculum size was also
documented by Okaiyeto et al. (2014) whereby
Micrococcus sp. Leo produced a bioflocculant with
an optimum flocculating activity above 80%.
Contrary to the study finding, Gong et al. (2008)
reported 2% optimum inoculum size for the
bioflocculants produced by Serratia ficaria.

The effect of carbon sources on bioflocculant
production

Bioflocculant production is influenced by
numerous factors such the constituents of the
cultivation medium as well as culture conditions.
The effect of different carbon sources for
bioflocculant production by the bacteria was
evaluated and the results are shown in Figure 2.
Among the tested carbon sources starch was the
best carbon source with a flocculating activity of
93% (Figure 2). Glucose (83%), xylose (64%) and

fructose (59%) also improved the flocculating
activity for bioflocculant production with sucrose
showed less flocculating activity (42%). Starch
was then chosen as the sole carbon source for all
subsequent experiments. Reports show that a
number of bioflocculant- producing bacteria prefer
organic carbon sources for them to produce
optimum  microbial flocculant vyields, thus
supporting the study observations (Cosa et al.,
2011). For example, bioflocculant produced by
Bacillus licheniformis X14, in which the starch and
sucrose among other tested carbon source were
the most preferred carbon sources was reported
by Li et al. (2009). Starch as a sole carbon
sources was also reported to produce
bioflocculant optimally (Ntsangani et al. 2017).
This finding is similar to the study finding with the
exception that sucrose was a least preferred
carbon source. Contrary, glucose has been well
documented as fine carbon source for microbial
flocculant production (Suh et al.,, 1998). For
example, different carbohydrates were tested for
bioflocculant ~ production by  Paenibacillus
polymyxa BY-28 with glucose as the best (Gong
et al. 2003).

The effect of nitrogen
bioflocculant production

The effect of nitrogen sources on bioflocculant
production was assessed and the results are
shown in Figure 3. Both organic (peptone) and
inorganic nitrogen sources (ammonium sulphate)
favoured the production of bioflocculant by the
consortium in this study with ammonium sulphate

sources on
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being more effectively used and resulted to the
flocculating activity of 74%, while peptone has
produced 71% flocculating activity. But all tested
nitrogen sources producing more than 50%
flocculating activity with yeast extract as a least
preferred nitrogen source. Therefore, the
inorganic nitrogen source ammonium sulphate
was used for subsequent tests. Similar to the
study, Gouveia et al. (2019) reported ammonium
sulphate as the most utilized inorganic nitrogen
sources for the production of bioflocculant by
Bacillus megaterium from sugarcane crop soil or
from sludge of agro-industrial effluent. Ammonium
sulphate as a nitrogen source was also reported
to optimally promote the production of
bioflocculant by Bacillus sp. from the sediment of
Algoa Bay of the Eastern Cape Province (South
Africa) (Okaiyeto et al. 2016). Peptone as the best
nitrogen source was reported in the production of
a bioflocculant by Paenibacillus elgii B69 (Li et al.
2013). On the other hand, yeast extract was a
choice of nitrogen source to produce a
bioflocculant by Rhizobium radiobacter SZ4S7S14
was also reported (Rasulov et al. 2017).

The effect of initial
production

The initial pH of the medium plays an
important role in cell charges determination and
oxidation-reduction potential which interns affect
the nutrients absorption and enzymatic reactions
of microbial cells (Zhang et al. 2013). This implies
that different microorganisms adapt on different
ranges of pH, thus, varying the pH may have the
negative effect in the fermentation medium
composition resulting in altered bioflocculant
activities (Salehizadeh and Shojaosadati, 2001).
In this study, bacteria adapted and produced an
optimum bioflocculant when they were exposed to
more acidic environment (pH 3, 4 & 5) with pH 3
has the highest flocculation rate of 83% (Figure
4). The slightly decrease in flocculating activity is
observed from pH 4 (81%) and drastically at pH
12 (42%) which may be due to the
microorganisms producing the acid as they use
the nutrients available (Okaiyeto et al. 2013). Just
like the bioflocculant produced in this study,
Gouveia et al. (2019) also reported pH 3 for
optimum production of a bioflocculant by Bacillus
thuringiensis. The decrease in flocculating activity
as the medium pH increases is attributed to the
interference of the hydroxyl ion (OH-) during the
formation process of the flocs through the
complex of bioflocculant and clay in the presence
of cations, resulting to its suspension. Contrary to

pH on bioflocculant

the study findings, Cosa et al. (2013) reported that
a basic pH is more effective in the production of
thermostable polysaccharide bioflocculant from
Virgibacillus species isolated from Algoa bay with
pH 10 as the most preferable one. Agunbiade et
al. (2018) reported neutral pH 7 for an optimum
bioflocculant ~ production by  Streptomyces
platensis. The effect of initial pH of the medium for
production on microbial synthesis varies with
different bacterial strains, conditions being used
and medium composition (Shu and Lung, 2004).

The effect of cations on flocculating activity

The production of microbial flocculants is
influenced by the availability of metal ions in the
production medium (Shen et al., 2009). The
importance of cations during flocculation process
involves the initiation of the bridging formation
between particles. Different cations (monovalent,
divalent and trivalent) were assessed for their
effect on flocculating activity and their results are
depicted in Figure 5. Iron chloride (trivalent cation)
was the best cation among other with the highest
flocculating activity of 84%, followed by divalent
cations with 71% (manganese chloride) and 65%
(barium chloride) flocculating activities with
monovalent cations having least flocculating
activities of 51% (potassium chloride), 48%
(lithium chloride) and 47% (sodium chloride). The
bioflocculant produced in this study is cation-
dependent as less than 15% flocculating activity
was achieved where no cation was added. The
effectiveness for trivalent cation used in this study
is may be due to more ions (charges) available in
iron (Fe3") which are capable of neutralising
negatively charged functional groups of both the
bioflocculant molecules and the suspended
particles thereby weakening the electrostatic
repulsive force resulting in the enhancement of
the flocculation rate (Piyo et al. 2011). Sheng et
al. (2006) also reported trivalent cations Al** and
Fe3* to highly enhance the flocculating activity of
Klebsiella sp. A9, while Zufarzaana et al. (2012)
reported trivalent cation (Al3*) to have an inhibitory
effect on the flocculating activity of the
bioflocculant produced by Bacillus species, in
contrast. Tang et al. (2014) reported the cation-
independent, pH tolerant and thermostable
bioflocculant produced by Enterobacter sp. ETH-2
as opposed to the cation-dependent bioflocculant
produced in this study.
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Figure 2: The effect of carbon source on bioflocculant production
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Figure 3: The effect of nitrogen sources on bioflocculant production
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Figure 4: The effect of initial pH on flocculating activity of the bacterial consortium
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The effect of shaking speed on flocculating
activity

Agitation speed regulates the dissolved
oxygen concentration, which in turn can also
affect the nutrient absorption and enzymatic
reaction (Li et al. 2017). Microorganisms vary in
their oxygen demand. Oxygen acts as a terminal
electron acceptor for oxidative reactions to
provide energy for cellular activity. The speed also
suspends the microbial cells and nutrients evenly
throughout the medium to ensure that nutrients
are available to all microbial cells. Different strains
of bacteria require different shaking speeds for
their optimum production of bioflocculants
(Dlamini et al. 2019). Figure 6 shows the effect of
mixing speed on flocculating activity. The
flocculating activity observed to be parallel to the
increase in mixing speed with all tested agitation
speeds resulted in flocculating activity of 70% to
above with the highest flocculating activity of 90%
achieved at 165 rpm. The optimum speed (165
rpm) stimulated the optimum concentration of
oxygen to settle in and promoted the thoroughly
distribution of nutrients as well as well agitation of
the multiplying cells of the microorganisms used
for the production of bioflocculant (Lopez et al.
2003). The slightly decreased in flocculating
activity (85%) was observed when the shaking
speed was increased above 165 rpm. Excessive
mixing speed may normally produce high shear
pressure and resulted in negative impact towards
cell growth as well as bioflocculant production
(Maliehe et al. 2019). Similar results were
presented by Maliehe et al. (2019), whereby the
shaking speed of 165 rpm produced an optimum
flocculating activity (77.9%) of the produced
bioflocculant by A. faecalis HBC2. A shaking

speed of 150 rpm was reported by Diao et al.
(2018) to produce the highest flocculating activity
for bioflocculant production by Klebsiella sp M1.

The effect of temperature on bioflocculant
production

Heat has a significant role it plays in providing
suitable environmental conditions for microbial
growth and bioflocculant production. Reports
show that the enzymes responsible for
bioflocculant production are normal active in a
temperate range between 25 — 37 °C (Xia et al.,
2008). In the present study, the microorganisms
(in consortium) have the highest cell growth as
well as bioflocculant production at 30 °C. Below
and above 30 °C temperatures there was a
decrease in flocculating activity of the tested
bacteria. Similarly, a bacterium Enterobactor sp.
ETH-2 was reported to produce a bioflocculant
optimally at 30 °C (Tang et al. 2014). Contrary,
Zhong et al. (2009) reported 37 °C as an optimum
for Bacillus licheniformis X14 growth as well as
bioflocculant production. Temperature of 30 °C
was used in all subsequent tests even though
there was no significant difference in terms of
statistical analysis since 30 °C is the standard
temperature for bioflocculant production.

Time course of the bioflocculant

The effect of time course on flocculating
activity (FA), cell growth in terms of optical density
(OD) at 600 nm and pH are shown in Figure 8.
The flocculating activity increases parallel to the
cell growth (optical density) until it reached the
peak at 72 hrs of incubation. The decrease in
flocculating activity was observed thereafter. The
observed decrease in flocculating activity might be
due to enzymatic degradation of a polymer
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bioflocculant (Okaiyeto et al. 2016). The increase
in optical density with increase in time evident that
the bioflocculant was produced by biosynthesis
process through bacterial growth as opposed to
cell autolysis (Okaiyeto et al., 2013). The pH
decrease from the initial pH 6.0 to the final pH 4
after 72 hrs was observed which has to do with
the carbohydrate (starch) or polymer flocculant
metabolism resulting in the production of organic
acids (Mabinya et al. 2012). After 72 hrs of
incubation, there was a gradually pH increases to
around 9.4 which is may be due to hydroxide ions
freed related to the metal ions being drained out
(Lors et al. 2009). This phenomenon shows that
the bacteria are capable of changing their kinetic
features in order to adapt towards environmental
changes (Mabinya et al. 2012). Bacteria tend to
behave differently in terms of cultivation time for
the bioflocculant productions. For example,
Aspergillus flavus produced its bioflocculant after
60 hrs of incubation as the cells were still
multiplying in the presence of sucrose, peptone
magnesium sulphate, potassium chloride iron
sulphate, K2HPO4 and the medium was adjusted
to initial pH of 6 (Aljuboori et al. 2013). Simirlar to
this study, Ugbenyen et al. (2018) reported that
Alcalegenes faecalis obtained from Sodwana Bay
Estuary produced a bioflocculant after 7 hrs of
incubation through biosynthesis process at pH 9.

Extraction and purification of a bioflocculant

A bacterial consortium reported to improve
both the bioflocculant yield and flocculation rate
(Zhu et al. 2004). Thus, about 8.5 g of a purified
bioflocculant was recovered from 1 L of the
fermented production medium by the consortium
of B. safensis KX694275 and Bacillus sp.
KC782848 after extraction and purification. The
combined strains seem to improve the production
rate of a bioflocculant, as expected, compared to
the pure strains for the individual microorganisms
which produced the yield of 1.522 g/L by Bacillus
sp. (Ntombela et al. 2019) and 2.100 g/L by B.
safensis (Ntombela et al. 2020). The yield is much
higher than the bioflocculant (0.256 g/L) produced
by the consortium of two bacteria (Cobetia and
Bacillus species) reported by Ugbenyen and Okoh
(2014). Maliehe et al. (2016) reported 3 g/L of a
bioflocculant (TPT-') from the consortium of two
bacteria (B. pumilus JX 860616 and A. faecalis
HCB2) which is two times lower than the yield
produced in this study.

Chemical analysis of a purified bioflocculant

Chemical composition analysis of the purified
bioflocculant

Assessment of the active ingredients of
microbial flocculants is essential to elucidate their
flocculation mechanisms, which would be suitable
for the optimization of flocculating parameters and
consequently enhance their rate in practical
implementations (Li et al. 2014). In this study, the
chemical analyses of the purified bioflocculant
revealed it to be made up of carbohydrates (78%)
and protein (05%), suggesting that the produced
bioflocculant is mainly polysaccharide. Further
assessment showed that the microbial flocculant
consisted of uronic acid (16%), suggesting that
the bioflocculant is an acidic polysaccharide.
According to Okaiyeto et al. (2016), bioflocculants
with mainly protein component have lower
molecular weights with lesser functional groups
resulting in lower flocculation rate compared to
bioflocculant with polysaccharide as their main
component. A number of bioflocculants with
polysaccharide as their main component have
been documented (Zhao et al. 2013; Nwodo et al.
2014).

SEM analysis

The surface morphological structure has a
significant impact on the bioflocculation process
as it is liable for flocculating efficiency of the
bioflocculants (Zhang et al. 2007). Morphological
structure surfaces of the produced bioflocculant,
kaolin powder and flocculated kaolin powder were
revealed using Scanning Electron Microscope
(SEM) (Figure 9). SEM analysis showed that the
bioflocculant was whitish in colour and
quadrilateral-like in shape, which may be
responsible for its high flocculating efficiency,
Figure 9(A). On the other hand, kaolin powder
particles appeared fine and scattered before
flocculation as shown in Figure 9(B). Flocculated
kaolin particles appeared to have formed flocs in
clusters. These appeared flocs in clusters are due
to the absorption of kaolin particles towards the
binding sites of the bioflocculant resulting in the
formation of large flocs through their interaction,
Figure 9(C). The formation of large flocs is in line
with rapid sedimentation due to weight (Xiong et
al. 2010).

Elemental analysis of a purified bioflocculant
According to Cosa et al. (2011), elemental

composition of the microbial flocculant has a

significant role it plays in the bioflocculant
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structure as well as flocculating rate. Different
elements give rise to the stability and flexibility of
the bioflocculants. Perceptible analysis of the
elemental make-up of the produced bioflocculant
from consortium was investigated and the results
are depicted in Figure 11. The presence of
elements such as C: O: Na: Mg: Al: P: S: CI: K
and Ca accountable for 50.22: 38.07: 1.26: 0.12:
0.11: 0.86: 3.06: 0.97: 2.11 and 3.22 (% Wt),
respectively, shown in the elemental spectrum
using EDX analysis. The presence of C and O
elements in the molecular chain of the
bioflocculant is an indication of the glycoprotein-
like polymer (Pathak et al., 2015). A similar finding
of the bioflocculant with carbon and oxygen as its
main elements was reported by Sun et al. (2015).

FT-IR analysis

The functional groups of a purified
bioflocculant from the consortium of two marine
bacteria were assessed and the results are shown
in Figure 12. The FT-IR spectrum (Figure 12)
exhibited a broad stretching observed at around
3456 cm! as an indication of the presence of -OH
group (Lian et al. 2008). The vibration band
observed at 2929 cm may be attributed by the
presence of C-H groups towards binding site of
the bioflocculant. The peak at 1856 cmt
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corresponds to the bond stretching due to the
availability of alkenes group. The strong stretching
peaks between 1000 and 1110 cm-! are for alkoxy
group in the molecular chain of a bioflocculant.
The weak bands observed from 829.9 to 543.2
cm?® represent or are characteristics of all sugar
derivatives. The results indicate clearly the
presence of hydroxyl, alkoxy, and carboxylic
groups in the molecular chain of a bioflocculant
which are essential as they promote flocculation
process. Moreover, the functional groups,
carboxylic group in particular, has an advantage
of working as functional moieties to generate
novel and modified carbohydrate variants using
various methods such as polymer engineering or
new emergence designing, thereby linking the
carbohydrate with other produced polymers (Yim
et al. 2007). The said functional groups have the
advantage of participating in the linkage of
hydrogen ions and hydroxyl ions present on the
surface of the particles resulting in the formation
of the hydrogen bonds when bioflocculant
molecular chains approach surface of the particles
(Cosa et al. 2013). Similar findings for functional
groups present in the bioflocculant were reported
by Feng and Xu (2008).

Shaking speed (rpm))

Figure 6: Effect of shaking speed on bioflocculant production
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Figure 9: SEM analysis of a bioflocculant (A), kaolin powder (B) and flocculated kaolin clay (C).
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Thermogravimetric analysis of
bioflocculant

The bioflocculant from the consortium of
bacteria was assessed to elucidate its
thermogravimetric behaviour at varied
temperatures starting from 30 - 800 °C, and the
results are depicted in Figure 13. The
thermogravimetric analysis is done to assist in
recognizing the bioflocculant’s pyrolysis character
after exposed to significantly elevated heat (Yim
et al. 2007). A weight loss of bioflocculant,
expressed in percentage, under the effect of
temperatures is shown in Figure 13. The highest
weight loss (60.35%) of a bioflocculant was
reported at 400 °C and the bioflocculant was
almost completely pyrolyzed at temperatures
above 400 °C, about approximately 11% weight
loss at 150 °C and 29% at 250 °C. This
bioflocculant seems to exhibit thermo-labile and
thermo-stable molecular contents, as the mixture
of protein and carbohydrates materials are
presented as shown by examination. The first
degradation of the bioflocculant or weight loss is
may be due to moisture content loss or just the
presence of C-O and OH functional groups in the
molecular chain of the bioflocculant linked with the
glycoprotein-like particles (Tawila et al. 2019).
Both Wang et al. (2011) and Tawila et al. (2019)
respectively reported similar observations with the
bioflocculant produced by consortium of multiple
bacteria and a novel bioflocculant QZ-7 from
Bacillus salmalaya 139SlI.

a purified

Flocculation
bioflocculant

properties of the purified

Effect of bioflocculant dosage on flocculating
activity

Dosage concentration is still one of the
important parameters to take into consideration
when assessing the excellent conditions for the
high performance of flocculants in the flocculation
process. This is vital since inadequate dosage of
bioflocculant leads to a poor bridging
phenomenon, thus, resulting in low flocculating
activity while excessive input might induce re-
stabilization of kaolin particles (Hassan et al.
2009). Moreover, determination of the dosage
concentration becomes more important in terms of
establishing the excellent microbial flocculant
dosage concentration. This could play a vital role
in minimizing costs and resulting in the improved
flocculation rate for its application industrially. The
optimum dosage size was determined using a jar
test experiment and the highest flocculating
activity was obtained at 0.8 mg/mL (75%) of a
bioflocculant (Figure 14). All tested dosage
concentration resulted in the flocculating activity
above 50% with 0.2 mg/mL the lowest resulted in
the low flocculating activity compared to other
dosage concentrations. Below and above 0.8
mg/mL dosage concentrations the flocculating
activity decreased. This is may be due the fact
that low dosage concentrations cannot neutralize
the functional groups optimally and high dosage
concentrations lead to poor colloids binding due to
high viscosity. Therefore, for all subsequent tests
0.8 mg/mL was used. Ongubiade et al. (2017)
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also reported 0.8 mg/mL as an optimum dosage
for the bioflocculant produced by Anterobacter
humicola, while Liu and Cheng (2010) reported
that the bioflocculant produced by C. daeguence
where more than 90% flocculating activity
obtained using 1.2 mg/mL (optimum dosage
concentration).

Effect of metal ions on flocculating activity of
the bioflocculant

Metal ions increase flocculating activity by
neutralizing and stabilizing the residual negative
surface charge of both functional groups of kaolin
clay particles and the bioflocculant (Wu and Ye,
2007). The results depicted in Figure 15 show that
all tested metal ions stimulated the flocculating
activity of a bioflocculant produced against kaolin
clay suspension with great stimulation by Mg?*,
Ba?* and Fe3. Ba?" resulted in the optimum
flocculating activity of 84% and was used in all
subsequent tests. The bioflocculant produced in
this study seems to be cation-dependent as little
flocculating activity (31%) was recorded when
there was no cation added. These findings are
comparable to those of Tawila et al. (2019),
Zheng et al. (2008), where they reported various
bivalents and trivalents to optimally stimulate the
flocculating  activites  of the  produced
bioflocculants. Contrary to the study findings, a
cation-independent bioflocculant ETH-2 produced
by Enterobacter sp. ETH-2 was reported by Tang
et al. (2014), where the bioflocculant produced an
optimum flocculating activity without being
stimulated by metal ions.

The pH stability of a bioflocculant

The pH of the solution is a key parameter that
controls the flocculation/coagulation process
(Maliehe et al. 2019). pH may cause some
modifications in microbial flocculant charge status
and the structural characteristics of the colloid
particles in a solution and as a result affects
flocculating efficiency (Li et al. 2007). The effect of
pH on flocculating activity of the purified
bioflocculant was determined ranging from 3 - 12
and the results are depicted in Figure 16. The
produced bioflocculant was effective within a wide
range of pH (3 -12) with flocculating activity equal
to/ greater than 60%. The optimum flocculating
activity of 95% was obtained at pH 8.0 and lowest
flocculating activity of 60% observed at pH 4.0.
The slight decrease in pH is observed at acidic
condition (3 - 6), this decrease might be due to the
protein content present in the bioflocculant

denaturation. According to Nwodo et al. (2014),
this behaviour of the bioflocculant might be due to
the absorption of hydrogen ions at low pH tends to
weaken  bioflocculant-kaolin  clay = complex
formation process leading to poor flocculation and
similar effect observed at high pH due to hydroxyl
ions. Therefore, pH 8.0 was used in all
subsequent tests. Similar results whereby the
bioflocculant  produced optimum flocculating
activity at pH 8.0 was reported for bioflocculant
produced by Bacillus tequilensis MMFG37 (Awady
et al. 2018). Cosa et al. (2013) also reported a
bioflocculant from the consortium of two bacterial
species to be stable to wide ranges of pH, but the
neutral pH had the highest flocculating activity.

Thermal stability of a purified bioflocculant

The correlation between heat and flocculating
efficiency of the purified bioflocculant from
consortium of two bacterial strains was examined
at a temperature range of 50 -100 °C for 30 min
and the results are depicted in Figure 17. This is
done to assess its stability when exposed to
higher temperatures. The microbial flocculant
retained over 70% flocculating activity when
exposed to heat at 100 °C for 30 min suggesting
that the bioflocculant was stable. The flocculating
activity of 80% was observed at 60 °C, when the
heat was increased above 60 °C there is a slight
decreased in flocculating rate but interestingly,
there is no significant difference in terms of
statistical analysis was shown. Therefore, it was
deduced that the bioflocculant was thermo stable
and its flocculating efficiency was not affected
when the temperature was elevated. In general,
the availability of protein or peptide within the
structure of a bioflocculant is highly linked with its
sensitivity towards heat and those with high sugar
content are more resistant to heat (Sun et al.,
2012); hence it can be deduced that the
bioflocculant produced by the consortium of
Bacillus safensis and Bacillus sp. consisted of
polysaccharide as its main component. The heat-
resistance of this product suggests the presence
of a hydroxyl group in its chain responsible for the
emergence of hydrogen bonds in its structure
(Ntombela et al. 2019). Cosa and Okoh (2014)
reported a flocculating activity of more than 80%
for a purified bioflocculant produced by the
bacterial consortium of Halobacillus sp. Mvuyo
and Oceanobacillus sp. Pinky retained after
heating at 100 °C for 1 hr, thus indicating its
thermo stability character.
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CONCLUSION

Bioflocculant from a consortium of two
bacteria Bacillus safensis and Bacillus sp. was
produced and investigated for its flocculating
efficiency as well as physicochemical properties.
An anionic, heat stable glycoprotein molecules
which is best produced when starch and
ammonium sulphate are used as energy sources
in optimum fermentation conditions (30 °C, 165
rpm, initial pH 3 and 72 hrs) in the presence of
iron chloride as a mediating factor for flocculation
process by neutralizing and stabilizing the
bioflocculant residual functional groups. The
produced bioflocculant with production yield of 8.5
g/L had a great flocculating activity at 0.8 mg/mL
dosage, thermo-stable with more than 70%
flocculating activity retained at 100 °C and
maintained a wide pH range flocculating activity
with a maximum flocculating activity of 95% at pH
8. The acidic polysaccharide bioflocculant
possessed hydroxyl, carboxylic and amino groups
in its molecular chain as the main functional
groups which were responsible for flocculation
mechanism. The revealed features of the
bioflocculant suggested its potential towards
industrial application. For further studies, the
product will be tested for antimicrobial activity,
used in biosynthesis of nano-size materials and
applied on wastewater treatment.
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