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emulsifying and flocculation potential activity can be pro-
duced from bilge wastewater and crude glycerol. The pro-
duction of biopolymers with broad biotechnological appli-
cations using low-cost substrates can be a means to valorise 
waste streams.
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Introduction

Extracellular polymeric substances (EPS) are a diverse 
class of macromolecules consisting of proteins, carbohy-
drates, nucleic acids, lipids and other compounds. EPS pro-
duced by microorganisms, known as biopolymers, are very 
attractive for the industrial sector, representing a potential 
alternative to conventional chemical polymers production 
because of their ease of biodegradation, high efficiency and 
non-toxic properties [1, 2]. Also, the production of micro-
bial-derived EPS could represent a way to obtain these 
biomolecules through a more sustainable process. The 
interest on EPS for different biotechnology applications 
has been growing. Recently, EPS have been recognised as 
potential emulsifiers with applicability in various fields, 
such as microbial oil recovery, pharmacology or food addi-
tives [2, 3]. In addition, EPS can be used as bioflocculants, 
which is especially important for its industrial application 
in the removal of metal ions and dyes in downstream pro-
cessing and in processing of food and chemicals, and for 
sludge dewatering [4]. Moreover, produced waste is pos-
ing a global challenge regarding its managing, disposal 
and treatment. The current environmental policies encour-
age waste valorization, looking at the waste as a possible 
resource to be used for other purposes. Nevertheless, one 

Abstract  Nowadays much effort has been devoted for the 
development of cost-effective and environmentally friendly 
processes to obtain extracellular polymeric substances 
(EPS) with high emulsifying and flocculation activities. 
The aim of this study was to evaluate the capacity of bacte-
rial strains previously isolated from oil-contaminated areas 
to produce EPS with high emulsification and bioflocculant 
properties during cultivation in domestic and bilge waste-
water and in industrial crude glycerol. A total of seven 
bacterial strains were screened for EPS production, from 
which two strains, Pseudomonas aeruginosa LVD-10 and 
Enterobacter sp. SW, were selected as potential EPS pro-
ducers. EPS with high emulsifying capacity in olive oil (a 
maximum of 96.6 and 89.8% for strain SW and LVD-10, 
respectively) was produced using bilge wastewater as sub-
strate. EPS with a slightly lower emulsifying capacity was 
obtained using crude glycerol. In addition, the flocculation 
activity of the EPS extracted from strains LVD-10 and SW 
grown on crude glycerol was considerably higher (81.6 
and 73.3%, respectively) than that obtained with other sub-
strates. This is the first study that points out that EPS with 
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of the main factors limiting the synthesis of bacterial EPS 
is the high cost of production, in part due to the cost of 
purchasing the raw substrate [2]. The use of waste streams 
could reduce the cost of biopolymer production and thus 
improve the process economics. Therefore, research on 
the biovalorization of waste streams through the produc-
tion of valuable compounds (e.g. EPS polymers) is timely. 
To date, studies mainly report on the optimisation of the 
yield production of the EPS using easily degradable car-
bon sources (e.g. glucose or maltose) as substrate. Only 
a few studies on the EPS production using low-cost sub-
strates based on industrial or domestic waste streams can 
be found in the literature. Recently, Nurul Adela et al. [5] 
used palm oil effluent as carbon source, obtaining a maxi-
mum concentration of 6.4 g/L of EPS using Bacillus mar-
isflavi NA8 (Table 1). The maximum bioflocculant produc-
tion was achieved at an early stationary phase and the EPS 
flocculation activity reached 80%. Furthermore, Bezawada 
et  al. [6] and More et  al. [1] evaluated the production of 
EPS with flocculation ability by Serratia sp. 1, both using 
sterile wastewater sludge as substrate. Bezawada et al. [6] 
found that the production of EPS could reach 2.45 g/L (at 
the end of 48 h) with a maximum flocculation activity of 
76.4%. Similar results were reported by More et  al. [1], 
where 2.3 g/L of EPS (after 72 h) with a maximum floc-
culation activity of 79.1% was obtained when autoclaved 
wastewater sludge was used as substrate (Table 1). Gupta 
et al. [7] also reported EPS production (Table 1) when 50% 
of sterilised wastewater was used as a substrate by Bacil-
lus sp. ISTVK1. A higher EPS production (2.58 g/L) was 
obtained when dairy wastewater was used as feedstock by 
Klebsiella mobilis [8] (Table 1). Moreover, in this case, the 
produced EPS had an incredibly high flocculation activity 
(ca. 95.4%). On the other hand, Calvo et  al. [9] reported 
a lower EPS synthesis (0.47–0.94  g/L) by Ochrobac-
trum anthropic AD2, when using a more complex waste-
water consisting of glucose-containing nutrient broth 
medium amended with different petroleum hydrocarbons. 

Interestingly, the emulsification activity of the produced 
EPS depended on the type of hydrocarbon present on the 
media and, EPS with a maximum emulsification activity of 
95.1% was produced when the nutrient broth was amended 
with octane. However, with real petroleum refinery waste-
water, Ramasamy et  al. [10] reported that Ochrobactrum 
anthropi MP3 could produce EPS with a yield of about 
0.42 g/L and an emulsification activity of 60% in diesel.

In this study the potential of waste streams biovalori-
zation was explored using newly isolated microorganisms 
aiming at the production of EPS suitable for biotechnologi-
cal applications and the simultaneous degradation of those 
substrates. To our knowledge, low-cost substrates such as 
domestic wastewater, bilge wastewater and crude glycerol 
have not been used as feedstock for EPS generation. In this 
way, this study aimed to highlight the potential of valor-
izing those types of wastewater through the synthesis of 
added value products whilst treating those waste streams.

Materials and Methods

Microorganisms Selection

Seven bacterial strains previously isolated from oil-con-
taminated sites and characterised by 16S rRNA [11] were 
screened for EPS production. The tested bacterial strains 
were Pseudomonas aeruginosa LVD-10, Enterobacter 
sp. LA9, Pseudomonas aeruginosa XP7, Enterobacter 
sp. SW, Citrobacter sp. D2, Bacillus sp. KSA and Entero-
bacter sp. D1. In addition, two bacterial strains known as 
high EPS producers, namely Pseudomonas fluorescens 
(DSM 50090) [12] and Rhodococcus ruber (DSM 43338) 
[13], supplied by DSMZ, Germany, were included as ref-
erence strains for comparison. A pre-screening qualitative 
method for the selection of potential EPS producers was 
carried out according to Subramanian et  al. [14]. Briefly, 
strikes of pure cultures were carried out onto Plate Count 

Table 1   Other studies that used wastewater as a substrate for bacterial EPS production

FA flocculation activity, EA emulsification activity

Microorganism Substrate Type of EPS, EA or FA EPS production (g/L) References

Serratia sp.1 (EU031758) Sterilised wastewater sludge (20 g 
of suspended solids/L)

FA = 76.4% 2.45 gLB−EPS/L and 
0.99 gTB−EPS/L

[6]

Ochrobactrum anthropi AD2 Glucose nutrient broth media amended with vari-
ous hydrocarbons (n-octane, mineral light and 
heavy oils and crude oils)

FA = 95.1% (media 
amended with 
n-octane)

0.470–0.940 g/L [9]

Bacillus sp. ISTVK1 50% of filtered sterile municipal wastewater with 
0.5% w/v sucrose

Not reported 0.7 g/L [7]

Bacillus marisflavi NA Palm oil mill effluent FA = 80% 6.4 g/L [5]
Ochrobactrum anthropic MP3 Petroleum refinery wastewater EI = 60% 0.42 g/L [10]
Klebsiella mobilis Dairy wastewater FA = 95.4% 2.58 g/L [8]
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Agar (PCA) and Sabouraud’s dextrose agar (SDA) media. 
The plates were incubated at 30 °C for 48  h and the EPS 
producing microorganisms selected based on the formation 
of mucoidal colonies (which displayed viscous or sticky 
growth due to production of large quantities of EPS) on the 
growth medium and on the string forming ability by touch-
ing it with an inoculating loop.

EPS Production

EPS Production Using Synthetic Mineral Salt Medium 
Containing Glucose as Substrate

The strains grown on PCA plates (incubated for 24  h at 
30 °C) were used to inoculate 100 mL of growth medium 
(5 g/L tryptone, 2.5 g/L yeast extract and 1 g/L glucose). 
The inoculated flasks were then incubated at 30 °C and 
100 rpm for 24 h. The cells were harvested by centrifuga-
tion at 6000 rpm for 20 min, washed and re-suspended in 
growth medium. Then, 28 mL of the growth medium were 
inoculated in 1L flasks containing 400 mL of mineral salt 
medium (25  g/L glucose, 0.2  g/L MgSO4.7H2O, 2  g/L 
K2HPO4, 1  g/L KH2PO4, g/L NH4Cl and 0.01  g/L yeast 
extract). Glucose and MgSO4 were prepared and sterilised 
separately and then mixed aseptically with the other rea-
gents before the inoculation, as referred in Subramanian 
et al. [13]. The pH was adjusted to 7.0. The liquid cultures 
were incubated at 30 °C with constant shaking (100  rpm) 
for 72 h.

EPS Production Using Wastewater as Substrate

The strains that produced the highest EPS concentration 
in synthetic mineral salt medium containing glucose were 
compared to the reference strains (Pseudomonas fluores-
cens (DSM 50090) and Rhodococcus ruber (DSM 43338)) 
and selected for further experiments in different types 
of wastewater namely, undiluted domestic wastewater 
(DWW), undiluted bilge wastewater (BWW) and 4.5% v/v 
of crude glycerol. DWW was collected from Moni Munici-
pal Wastewater Treatment Plant (Limassol) and BWW 
from the Ecofuel Ltd (Cyprus). Bilge is considered a recal-
citrant wastewater which generally includes in its composi-
tion lubricating oil, cleaning diesel oil, oily sludge, spills 
from the engine room, water leaks from internal pipes, and 
seawater [15]. The crude glycerol was collected from a bio-
diesel manufacturing company (Biodiesel Cyprus Ltd) in 
Cyprus and used in its raw form without any pre-treatment.

Experiments were run in 500 mL flasks containing 100 
mL of wastewater. The pH was adjusted to pH 7.0 followed 
by sterilization at 121 °C for 30 min. The selected strains 
grown in growth media were then inoculated (3% v/v) in 
the filtered (0.45 μm) wastewater. For the EPS production 

using crude glycerol, 4.5% v/v of this substrate was used 
as sole carbon source. After inoculation, all the flasks were 
incubated at 30 °C and 100 rpm for assessing EPS produc-
tion. For each assay experiments were performed in dupli-
cate under sterile conditions.

The cultures in DWW were incubated for 3 days 
whereas those in BWW and crude glycerol were incubated 
longer (10 days) due to the high organic content of these 
substrates.

The composition of the wastewater used was evaluated 
before and after treatment with the bacterial strains. Chemi-
cal oxygen demand (COD) was determined according to 
standard methods [16]. The determination of wastewater’s 
phosphate, ammonium, nitrite and nitrate content was per-
formed using photometric test kits (Spectroquant®, Merck 
Millipore), according to the manufacturer’s instructions.

EPS Extraction

EPS extraction was carried out according to Bezawada 
et al. [6] with some modifications. Samples (30 mL) were 
collected from the liquid cultures at different time points 
(24, 48 and 72 h) and then centrifuged at 6000  rpm, 4 °C 
for 20  min. The supernatant, which contained loosely 
bound extracellular polysaccharides (LB-EPS), was mixed 
with 95% of ethanol in 1:1 ratio and kept overnight at 
-20 °C for EPS precipitation. The pellet, which contained 
tightly bound extracellular polysaccharides (TB-EPS) was 
re-suspended in deionised water to the initial volume (30 
mL) and heated at 65 °C for 30 min in a water-bath. Then, 
the samples were centrifuged at 6000 rpm for 20 min and 
the supernatant containing the released TB-EPS was mixed 
with ethanol in the same way as described for LB-EPS. 
After the overnight precipitation, TB-EPS was collected by 
centrifugation at 6000 rpm, 4 °C and 45 min.

EPS Dry Weight

The extracted EPS was filtered with GF/C filters (What-
man glass microfiber filters, 47 mm diameter) and the fil-
ters were placed overnight in the oven at 105 °C. The dry 
weight of the extracted EPS (LB and TB) was calculated 
by the difference in the mass of the filter before and after 
filtration.

EPS Emulsification Activity

The emulsification activity of the extracted EPS was 
determined according to Cooper and Goldenberg [17]. 
Samples were taken at three time points 24, 48 and 72 h. 
The extracted LB- and TB-EPS (4 mL of each) were 
transferred to glass test tubes containing 4 mL of olive 
oil or diesel. The two phases were mixed at high speed 
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vortex, for 1 min and left to stand for 24 h at room tem-
perature. The emulsification activity (EA) was deter-
mined according to the following Eq. (1):

EPS Flocculation Activity

The flocculating activity (FA) was measured using kaolin 
suspensions (5  g/L Kaolin clay) as described by Sathi-
yanarayanan [18]. For that, 1% w/v of CaCl2 and 0.1 mL 
of extracted EPS were added to 50 mL of kaolin suspen-
sion, mixed by vortexing for 1  min and then allowed to 
stand for 5 min at room temperature. Finally, the optical 
density at 550  nm (OD550nm) of the aqueous phase was 
measured with an UV/Vis spectrophotometer. A control 
was prepared in the same way but deionised water was 
used instead of extracted EPS. FA was estimated accord-
ing to the following Eq. (2):

where A is the optical density of samples containing EPS 
and B is the optical density of the control.

Results and Discussion

Selection of EPS Producing Bacterial Strains

From the 7 bacterial strains examined, all formed mucoid 
and sticky colonies in Plate count agar medium and 
Sabouraud’s dextrose agar, indicating their ability for 
EPS production. The EPS production was then evalu-
ated in liquid cultures using growth medium contain-
ing glucose (25 g/L) as the sole carbon source to select 
the most promising strains. Out of the seven tested 
strains, Pseudomonas aeruginosa LVD-10 and Entero-
bacter sp. SW achieved the highest production of EPS 
(50 and 67  mgtotal EPS/L, respectively) (data not shown) 
after 48  h. Interestingly the produced EPS concentra-
tion by Enterobacter sp. SW was slightly higher than that 
obtained by the reference strain Rhodococcous ruber. 
Nevertheless, the highest EPS production was achieved 
by the other reference strain Pseudomonas fluorescence 
(136  mgtotal EPS/L) (data not shown). From the isolated 
strains, Pseudomonas aeruginosa LVD-10 and Entero-
bacter sp. SW were the most promising strains for EPS 
production, therefore further experiments were conducted 
with these two bacterial strains.

(1)EA (%) =
Height of emulsion layer (cm)

Total height of the mixture (cm)
× 100

(2)FA (%) =
(B − A)

B
× 100,

EPS Production Using Wastewater as a Substrate

Three types of wastewater including DWW, BWW and 
crude glycerol were used as substrate for EPS production. 
The initial DWW contained 266 mg/L of COD, 2.42 mg/L 
of NH4

+, 2.93  mg/L of PO4
−, 0.28  mg/L NO2

− and 
0.85 mg/L NO3

−, whereas BWW consisted of 7800 mg/L 
of COD, 0.6 mg/L of NH4

+ and 54.2 mg/L of PO4
−. The 

crude glycerol consisted of 541 g/L glycerol, 192 g/L meth-
anol, 8.25% w/v ash content, 0.1% w/v water content and 
37.63% w/v MONG (matter organic non-glycerol). COD 
removal by P. aeruginosa LVD-10 and Enterobacter sp. 
SW in each type of wastewater. The low initial organic con-
tent present in DWW in comparison with the other used 
substrates could be the reason for the highest COD removal 
obtained for this type of wastewater (Fig. 1). The COD was 
reduced rapidly, with 95% and 97% of removal after 72 h of 
cultivation with SW and LVD-10, respectively. For BWW, 
on the other hand, at the end of 10 days of treatment, a 
lower percentage of 62 and 51% of COD removal was 
achieved by P. aeruginosa LVD-10 and Enterobacter sp. 
SW, respectively. In addition to its higher initial COD con-
centration (8600  mg/L), BWW in general has in its com-
position several recalcitrant compounds which can inhibit 
the bacterial metabolism; thus a longer time was needed to 
remove the COD content present in BWW. After 10 days 
of incubation, the COD removal for diluted crude glyc-
erol (initial COD of 10000 mg/L) was of 76 and 82% for 
Enterobacter sp. SW and P. aeruginosa LVD-10, respec-
tively (Fig.  1). In general, the toxic and recalcitrant com-
pounds present in crude glycerol are organic impurities pre-
sent at low concentrations when compared with methanol, 
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Fig. 1   COD removal (%) by Enterobacter sp. SW (grey bars) and P. 
aeruginosa LVD-10 (black bars) when cultivated in bilge wastewa-
ter (BWW), domestic wastewater (DWW) and 4.5% of crude glycerol. 
For BWW and crude glycerol, COD removal by each bacterial strain 
was examined at day-10 and for DWW at day-3 of incubation and 
expressed as percentage of the initial amount of COD present in each 
type of wastewater. Values are the mean of duplicates samples with 
an error difference less than 5%
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which is the main impurity in this substrate [19]. Despite 
the higher initial COD content in crude glycerol in relation 
to BWW, the higher COD removal achieved for the former 
substrate could be due to its lower toxicity.

EPS production by P. aeruginosa LVD-10 and Entero-
bacter sp. SW was evaluated using DWW, BWW and crude 
glycerol as substrates (Fig. 2). The total EPS were extracted 
and measured as LB- and TB-EPS and their concentrations 
were based on the dry weight of the extract. Despite that 
DWW contained a low carbon content and limited nutri-
ents, EPS production was observed. The dry weight con-
centration of total EPS using DWW were around 96 and 
80  mg/L by P. aeruginosa LVD-10 and Enterobacter sp. 
SW, respectively, whereas in BWW, dry weight concentra-
tions were about 11 times higher than in DWW (Fig.  2). 
This could be due to the higher available carbon content 

in BWW compared to DWW. However, when crude glyc-
erol was used as a substrate, the EPS production was even 
higher in comparison with the other tested substrates. P. 
aeruginosa LVD-10 and Enterobacter sp. SW achieved a 
maximum EPS production of 3200 and 2500  mg/L using 
crude glycerol as substrate.

In addition, the levels of TB-EPS and LB-EPS produced 
seemed to depend on the type of wastewater used as sub-
strate. In this study, preferential production of LB-EPS by 
both tested strains was observed in BWW while with crude 
glycerol, the TB-EPS content was remarkably higher in 
proportion and total concentration (Fig.  2). According to 
Sheng et al. [20], bacteria produce more EPS under unfa-
vorable conditions. Both strains produced higher amounts 
of LB-EPS using BWW, probably as a strategy of defence 
against the harsh conditions when incubated in this sub-
strate. LB-EPS are loosely attached to the cell surface, 
forming a protective barrier that prevents cells to directly 
contact with the toxic compounds present in BWW. In a 
previous study conducted by Hou et  al. [21] it was found 
that LB-EPS play a major role in the protective strategy 
of microorganisms in solution against the effects of heavy 
metals. In addition, the higher LB-EPS content produced 
could also be involved in the solubilisation of the hydrocar-
bons present in BWW. This is in line with the emulsifica-
tion index where it was observed that the EPS generated 
by both strains when exposed to BWW had significantly 
higher emulsification index than that generated using crude 
glycerol.

Emulsification Activity of EPS

Emulsification activity is a desired characteristic of EPS for 
industrial applications, which usually depends on type of 
substrate, applied conditions and microorganisms. Figure 3 
shows the emulsive index of the extracted LB-EPS pro-
duced during cultivation of the selected bacteria in BWW 
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Fig. 2   LB- and TB-EPS production by P. aeruginosa LVD-10 and 
Enterobacter sp. SW at the end of 48 h of incubation. BWW, DWW 
and crude glycerol (4.5% v/v) were used as substrates for EPS produc-
tion. The extracted EPS was measured according to its dry weight. 
Values are the mean of duplicates samples with an error difference 
less than 7%

Fig. 3   Emulsification index 
of the produced LB-EPS by 
Enterobacter sp. SW (grey 
bars) and P. aeruginosa LVD-
10 (black bars) using crude 
glycerol (a) and BWW (b) as 
substrate. The emulsification 
index represents the emulsifica-
tion activity of LB-EPS in olive 
oil. The EPS dosage for all the 
tests was 0.5% v/v 
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and crude glycerol. The LB-EPS produced in DWW did 
not show any emulsion formation between the two phases 
(data not shown). Furthermore, no emulsification activ-
ity was observed for the TB-EPS produced in each type of 
wastewater (data not shown). Nevertheless, a high emul-
sification activity was observed when the extracted LB-
EPS interacted with olive oil as an organic phase (Fig. 3), 
whereas with diesel it did not show any relevant interac-
tion with the EPS (data not shown). Previous studies point 
out that the protein content of biopolymers plays an impor-
tant role in its emulsifying capacity, revealing that EPS 
composed of higher protein fractions can emulsify several 
hydrophobic substrates [22]. However, in the present study, 
the protein and carbohydrate content of each type of EPS 
was not assessed and thus it was not possible to establish 
a correlation between the protein fraction and the emulsi-
fication capability of the extracted LB-EPS. Moreover, to 
date, most of the studies evaluate the emulsification activity 
of the total EPS extracted, not revealing the contribution of 
each type of EPS (LB and TB-EPS) for this property.

The highest EPS emulsification activity was obtained for 
the LB-EPS produced when both strains were cultivated in 
BWW at 72 h. The LB-EPS produced in BWW by Entero-
bacter sp. SW had an emulsive index of 96.6% and that pro-
duced by P. aeruginosa LVD-10 had a slightly lower emul-
sive index of 89.9% (Fig. 3b). Ramasamy et al. [10] using 
real petroleum wastewater as substrate, produced EPS with 
60% of emulsification activity (Table 1). Although BWW is 
composed of several petroleum compounds, the wastewater 
composition varies and consequently affects the EPS pro-
duction, composition and characteristics.

Flocculation Activity of EPS

Another desired characteristic of EPS for industrial appli-
cations is the flocculation activity. The highest flocculation 
activity was obtained for the EPS produced during cultiva-
tion of both bacteria in crude glycerol (Fig.  4a). TB-EPS 
produced by P. aeruginosa LVD-10 had a flocculation 

activity of 81.6%, after the first 24 h of cultivation in crude 
glycerol, whereas that produced by Enterobacter sp. SW in 
the same substrate had a slightly lower flocculation activity 
of 73% (Fig. 4a). The flocculation activities of the TB-EPS 
generated in BWW were lower than 50% for both strains. 
With this type of wastewater, the highest flocculation activ-
ity was found for Enterobacter sp. SW at the end of 24 h 
(Fig. 4b). Similar results regarding the flocculation activity 
were reported by Nurul Adela et al. [5] when Bacillus mar-
isflavi NA was cultivated in palm oil effluent, producing 
EPS with a flocculation activity of 80% (Table 1). To our 
knowledge, the highest EPS flocculation activity reported 
in literature was of 95.7% for Klebsiella mobilis when cul-
tivated in dairy wastewater [8] (Table  1). Moreover, it is 
important to notice that for both tested substrates, the EPS 
flocculation activity decreased over time probably as a 
result of the changes in the EPS composition.

Furthermore, it should be noted that contrary to that 
observed for the emulsification activity, the floccula-
tion activity was observed for TB-EPS (Fig. 4) but not for 
LB-EPS (data not shown). However, Bezawada et  al. [6] 
observed similar flocculation activity in TB-EPS (76.4%) 
and LB-EPS (67.8%). Several studies have shown that pro-
duced EPS have different properties. Calvo et al. [9] showed 
that the EPS produced by Ochrobactrum anthropic AD2 
using as substrate wastewater containing various hydro-
carbons, had an emulsifying activity that varied between 
8–95%, but no flocculation activity was detected. On the 
other hand, Wang et al. [8] reported the production of EPS 
with a flocculation activity of 95% when dairy wastewa-
ter was used (Table  1) but no emulsification activity was 
observed for the produced EPS. In this study, Pseudomonas 
aeruginosa LVD-10 showed to have a great potential for 
EPS production with the capability of both high emulsifi-
cation and flocculation activity, depending on the type of 
wastewater used as substrate. It is important to highlight 
that few studies have been carried out on EPS production 
using low-cost substrates, especially wastewater. Entero-
bacter sp. SW and Pseudomonas aeruginosa LVD-10 are 

Fig. 4   Flocculation activity 
of the TB-EPS produced by 
Enterobacter sp. SW (grey bars) 
and P. aeruginosa LVD-10 
(black bars) in crude glycerol 
(a) and in BWW (b). Samples 
were taken at 24, 48 and 72 h of 
incubation. The EPS dosage for 
all the tests was 0.5% v/v 
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potential candidates for the synthesis of biomaterials such 
as EPS using waste carbon sources as substrates. However, 
further studies are needed to scale up the process.

The findings of this study highlight that low-cost sub-
strates can be transformed into EPS with high emulsifica-
tion and flocculation activity. Wastewater containing het-
erogeneous mixtures of organic compounds, after being 
filtered (microfiltration) to remove solids and other micro-
organisms, can be further used as carbon source for the bac-
terial production of EPS. The EPS produced can be directly 
applied in the treatment of wastewater as coagulant/floccu-
lant in the steps of primary settling or clarification. Apart 
from this, EPS can be used as an emulsifier to enhance oil 
recovery or oil bioremediation. The above processes oper-
ate in non-sterile environments and require high amount 
of EPS with good emulsification and flocculation activity. 
Therefore, the required EPS do not have to be highly pure 
and this will reduce the necessary downstream processing, 
that will be relatively low compared to other processes that 
require highly pure EPS.

According to Gupta and Thakur [7], the use of cheap 
carbon and nutrient sources for large scale EPS production 
can help raise the benefit-cost ratio thus making the product 
marketable. Therefore, the main challenges in these pro-
cesses are the production of high yields of EPS by bacteria 
and the use of a low carbon source as a substrate.

Conclusion

Enterobacter sp. SW and Pseudomonas aeruginosa LVD-
10 showed to be able to simultaneously break down chemi-
cals present in waste streams and to valorise these wastes by 
the production of EPS biopolymers. The strains were able 
to efficiently remove COD from DWW, BWW and crude 
glycerol. For DWW, COD removal efficiencies above 96% 
were achieved but for BWW and crude glycerol, which have 
in their composition recalcitrant compounds, lower COD 
removals ranging from 51 to 82% were attained. Interest-
ingly, the EPS production using these recalcitrant wastewa-
ters was considerably higher (a maximum of 3200 mg/L of 
EPS by P. aeruginosa LVD-10 in crude glycerol) than that 
with BWW (ca. 100 mg/L of EPS). Although recalcitrant 
compounds could inhibit the bacterial metabolism lowering 
COD removal, they could also trigger a defence response 
and enhance EPS biosynthesis.

The produced EPS from both strains showed different 
emulsification and flocculation activities depending on the 
type of substrate used. EPS with the highest emulsification 
activity (ca. 96.6 and 89.9% for Enterobacter sp. SW and 
P. aeruginosa LVD-10) was produced during cultivation 
in BWW whereas in crude glycerol a maximum of 55% of 
emulsification activity was achieved. EPS with a maximum 

flocculation activity of 81.6 and 73.3% was produced by 
LVD-10 and SW using crude glycerol. In addition, LB and 
TB-EPS produced in the selected substrates had also differ-
ent behaviour since LB-EPS showed to have emulsification 
activity but no flocculation activity, whereas for TB-EPS 
the opposite was observed.

Bacteria able to produce EPS using waste streams along 
with contaminant removal highlights the possibility of 
more sustainable and economically competitive processes 
for biopolymers production.
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