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General Introduction

Chapter 1

1.

Wastewater treatment and resource recovery

Every year, close to 1000 km3 (109 m3) of wastewater is generated around the world, with over 30%
being municipal wastewater and more than 60% coming from various industries [1]. Since the
discharge of untreated water is harmful to humans and the environment, wastewater treatment is
imperative. Coupled with the growing global population and freshwater shortage, water reuse
becomes equally important.
The conventional aerobic wastewater treatment process (also known as the activated sludge
process), is the oldest (106 years [2]) and most common treatment technology for municipal
wastewater because of its robustness and ability to meet effluent discharge quality. During this
process, heterotrophic microorganisms oxidise (in the presence of oxygen) typically 50 - 60 % of the
biodegradable organic pollutants to products such as CO2 and water while using oxygen as the
electron acceptor. Organics in wastewater supply microorganisms the energy they need to grow
and the remaining 40 - 50 % (biodegradable) organics are converted to new biomass. The mixture
of biomass, wastewater and any other substance produced in the process is referred to as sludge or
mixed liquor. Under proper conditions, this sludge forms settleable flocs that can be separated by
sedimentation or (membrane) filtration, after which the treated water can be discharged to surface
water if it meets the discharge guidelines. The separated sludge is partly recycled to the biological
treatment process (referred to as return activated sludge) and partly wasted (called the surplus or
waste activated sludge).
With about 50 - 60 % of the wastewater organics being destroyed, there is a room for improvement
as regards sustainability. Not only is the potential chemical energy of the organic pollutants wasted,
energy is also consumed for the aeration process. Typically, aeration alone accounts for 40 - 60 %
of the overall energy consumption of a WWTP [1]. Only a minor fraction (20 - 30 %) of the potential
chemical energy is recovered when the waste activated sludge is digested anaerobically to biogas
[3]. This is one of the reasons wastewater treatment plants (WWTPs) have been recognised as one
of the largest greenhouse gas (GHG) emitters [1]. It was estimated that the organic degradation
process during wastewater treatment contributed about 0.77 Gt CO2-equivalent GHG emissions in
2010, making up about 1.57% of global GHG emissions (49 Gt CO2-equivalent) [1].
Considering the abundant resources in wastewater (carbon, nitrogen, phosphorus and other
resources), the destruction of some of these resources during the conventional wastewater
treatment process and the high cost (~ 45 billion annually) to treat only a fraction of the material
considered waste [4], a paradigm shift is underway in wastewater treatment [1]. Gradually, although
slowly, WWTPs are being transformed into resource recovery factories for the recovery of carbon
(in the form of energy, biopolymers, or chemicals) and nutrients (nitrogen and phosphorus) [5]. With
respect to biopolymer recovery, cellulose [6], polyhydroxyalkanoates (bioplastics) [2,7] and
microbial extracellular polymers (specifically the Kaumera Nerada® gum from the aerobic granular
sludge process) [8,9] are three biopolymers that are close to commercialisation. These biopolymers
have valuable and sometimes unique properties, which broaden their range of applications – as
both commodity and speciality products [2,8].
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2.

Extracellular polymers from wastewater

Microorganisms responsible for biological degradation of organics in wastewater also excrete
biopolymers, generally referred to as extracellular polymeric substances (EPS). EPS are products of
biochemical secretions [10]. They are the major component of biofilms (up to 90% of the total dry
mass) and interconnect in a three-dimensional polymeric network (Fig. 1) to provide mechanical
stability to biofilms. In sludge, they constitute 40 - 70 % of the organic fraction and are responsible
for sludge bioflocculation [11–13]. EPS are composed of different biomacromolecules:
polysaccharides, proteins, nucleic acids, lipids, humic acids or their combinations such as
glycoproteins, which make them high molecular weight compounds [14]. The charged components
give them a net negative charge due to the predominant presence of anionic functional groups like
carboxyl and phosphoryl groups, which outweigh the positive charges such as amino groups present
in lower numbers.

Fig. 1. Scanning electron microscopy (SEM) micrograph of freeze-dried soluble EPS.

EPS can be broadly classified as soluble and bound fractions based on the nature of their association
with cells and the method used to separate them from cells [14] (Fig. 2). The bound EPS are closely
attached to microbial cells or flocs, while the soluble EPS are weakly attached to cells or dissolved
in the bulk liquid [15]. Both fractions are generally separated by centrifugation: the supernatant
contains the soluble EPS while the bound EPS remain attached to the pellets. The bound EPS can be
extracted from the cells by physical methods (e.g., sonication and heating) or via the use of
chemicals such as inorganic acids, alkalis, ethylenediaminetetraacetic acid (EDTA) or cation
exchange resins (CER). A CER was used in this thesis to extract the bound EPS due to its reported
high extraction efficiency and low cell lysis [14].
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Fig. 2. Schematic depiction of soluble and bound EPS (proposed by Nielsen and Jahn [16]).

2.1.

Factors affecting EPS production and concentrations in sludge systems

The production of EPS depends on several factors, such as the reactor’s redox condition (aerobic or
anaerobic), the wastewater composition (substrate type and carbon/nitrogen ratio) and operational
parameters such as solids retention time and dissolved oxygen (DO) concentration. Quite
consistently in literature, aerobic systems have been reported to favour EPS production compared
to anaerobic systems [12,14,17], probably due to a higher energy gain in the presence of oxygen;
hence, more energy is available to invest in EPS synthesis. The production of most commercial
exopolysaccharides occurs under aerobic conditions, either under microaerophilic conditions (e.g.
bacterial alginates) or maximal aeration (e.g. xanthan gum) [17]. Faust et al. [18] also observed
increased EPS production from municipal wastewater at a high DO concentration (4 mg/L) compared
to a low DO concentration (1 mg/L).
Although studies regarding the effect of solids retention time (SRT – the average time sludge solids
are in a reactor) on EPS production is largely controversial, perhaps due to the wide range of SRTs
investigated [13], Faust et al. [18] conclusively reported that EPS concentration first increases with
increasing SRT (typically 0.125 - ~ 1 d), after which it declines as the SRT is further increased (> 5 d).
With increasing sludge retention (SRT > 5 d), a significant fraction of the wastewater-COD (COD –
chemical oxygen demand) is mineralised instead of being converted to EPS. On the other hand, at
very low SRTs, there is also a risk of poor wastewater-COD removal. Hence, there exists an optimum
SRT that ensures maximum wastewater-COD removal and maximum EPS production (i.e., minimum
degree of COD mineralisation).
Wastewater composition also has a major influence on EPS production. Although this effect has
been largely studied on pure bacterial strains [14,19,20], the effect of wastewater composition on
EPS produced from mixed culture is understudied and the obtained results are inconsistent. For
instance, in activated sludge systems fed with glucose and acetate, it was found that the sludge fed
with glucose produced more EPS than the sludge fed with acetate [21]. However, Ye et al. [22]
reported the opposite i.e., acetate-fed sludge had more EPS than the glucose-fed sludge. Clearly,
the effect of carbon source on EPS production requires a more extensive study, including their
influence on the EPS characteristics and sludge microbial population.
10
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Perhaps even more crucial for EPS production is the wastewater carbon/nitrogen (C/N) ratio or
chemical oxygen demand/nitrogen (COD/N) ratio. A few studies have investigated this effect on
EPS production and composition, but the results are also largely contradictory. Durmaz & Sanin [23],
Miqueleto et al. [24] and Feng et al. [25] reported higher EPS concentrations at increased COD/N
ratio while Ye et al. [26] and Wang et al. [27] observed EPS production to be independent on the
COD/N ratio. In another study, the total EPS concentration was found to decrease at higher COD/N
ratios [28]. However, for most of these studies, there was no clear distinction between operating
at an excess or a limited nitrogen condition (tested COD/N ratios were 3.9 – 55.6); hence it is
difficult to draw conclusions on the effect of either condition on EPS production. Moreover, at the
long SRTs (> 15 d) reported in some of these studies [25,27,28], the effect of COD/N ratio can hardly
be established because most of the wastewater-COD would have been oxidised. Hence, there is
still a need to establish the effect of excess and limited wastewater nitrogen on the valorisation of
wastewater to EPS.
2.2.

Applications of extracellular polymers

The occurrence or production of EPS in some systems (e.g., membrane-based water treatment
processes) are unwanted and poses a serious issue, namely fouling, which leads to increased
chemical and energy cost [29,30]. Although EPS are considered a nuisance in such systems, their
potential applications are still unfathomable. Their high molecular weight (typically > 10 kDa),
anionic charge (> 0.5 meq/g EPS), a general non-toxic property [14,19], biodegradability and
amphiphilicity (hydrophilicity/hydrophobicity) make them interesting biopolymers for different
applications such as particle flocculation [14,19], heavy metal adsorption [31], toxic organic
chemical removal [32,33] and dye decolourisation [14,34]. The use of EPS for a specific application
is contingent on the characteristics (composition, molecular weight, charge density, etc.) of the
produced EPS, which in turn depends on the factors discussed in Section 2.1. For instance, EPS with
a high hydrophobic/hydrophilic ratio are more beneficial for organic pollutant adsorption [32], while
hydrophilic EPS with a high molecular weight would be more interesting for particle flocculation,
and hydrophilic EPS with a very high charge density would be more favourable for heavy metal
adsorption.
2.2.1. Extracellular polymers as sustainable and biodegradable flocculants
This thesis, for the most part, focuses on the use of wastewater-produced EPS as bioflocculants and
as an add-on application, they were also tested as heavy metal adsorbents. The presence of high
molecular weight (MW) components (mainly polysaccharides and proteins) coupled with their net
(anionic) charge make EPS potential polyelectrolytes for particle flocculation.
Flocculation involves the use of an organic polymer to agglomerate particles suspended in water.
This process may either take place unaided or after coagulation – the use of multivalent metal salts
(such as CaCl2, FeCl3, AlCl3) to destabilise particles in solution. The coagulation/flocculation process
has been employed for centuries as a simple and effective way to remove particles from water and
wastewater. During this process, fine particles are destabilised (coagulation) and agglomerated
(flocculation) to facilitate their removal by sedimentation, (membrane) filtration or (dissolved air)
11
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flotation. Currently, the flocculation process is widely achieved with the use of fossil-based organic
flocculants, which are efficient at low dosages and able to form dense and strong flocs [35].
However, most of these synthetic flocculants biodegrade poorly and some generate toxic
degradation products/monomer residues (e.g., acrylamide from polyacrylamide, ethyleneimine
from polyethyleneimine) that cause neurotoxic or carcinogenic effects in humans and death of
aquatic animals [35–37]. Besides, unreacted toxic chemicals used to synthesise the monomer units,
such as formaldehyde, epichlorohydrin and dimethylamine have been found as sources of
contaminants in treated water and concentrates [35,37]. Countries such as Germany, France, Spain,
Switzerland, the UK, and the USA have either forbidden or placed restrictions on the use of some
synthetic flocculants, such as polyacrylamide, for drinking water applications [38,39]. For instance,
in the USA, polyacrylamide dosage for drinking water application is limited to 1 mg/L and in Europe,
it is restricted to 0.5 mg/L with an acrylamide concentration of 0.02% [37]. Hence, the use of
synthetic flocculants can hardly be considered a sustainable (waste) water treatment approach,
especially in open system applications such as surface water treatment, dredging and land
reclamation, tunnelling, and mining.
Microbial EPS can be potential alternatives to synthetic fossil-based flocculants [14,19,40,41]. Aside
from their functional properties (molecular weight, charge density, hydrophilicity), their
environmental properties (biodegradable and generally non-toxic) also make them attractive for
open systems and their concentrates may be reused, for instance, in agriculture (if the concentrate
is of organic nature and free of heavy metals and pathogens) to improve soil fertility. Commercially
available exopolysaccharides such as alginate, dextran, xanthan gum, levan (each having a specific
monomer composition) are in the high MW range (500 - 2000 kDa) and can be employed as effective
and environmentally friendly flocculants. However, the high cost of these polymers limits their use
to speciality applications such as food, feed, medicine and cosmetics [42], and are not applied in the
flocculant sector. This high cost is due to the production of these polymers from pure microbial
strains, which require sterile conditions, utilisation of expensive substrates such as glucose, and
downstream extraction and purification processes. In the same vein, although not available on the
market, somewhat mixed EPS (comprising non-specific monomer composition) produced from
isolated bacterial strains have been explored as biodegradable flocculants [14,19,41]. However,
their production strategy, which is similar to the aforementioned approach is unsustainable and also
results in polymers too expensive for the flocculant market. For these reasons, the recovery of EPS
from wastewater (as studied in this thesis) seems to be a much better strategy to produce costeffective flocculants that can be commercialised. The use of non-sterile mixed cultures and the
utilisation of wastewater as feedstock make them economically attractive. And like commercial
exopolysaccharides, they are also biodegradable and generally pose no toxic risk. Moreover, their
production from wastewater contributes to a circular economy and may result in a lower CO2
footprint compared to synthetic flocculant production.
EPS, being anionic polyelectrolytes, have a similar flocculation mechanism as synthetic anionic
flocculants such as polyacrylamide. In activated sludges, EPS have been reported to cause
bioflocculation via the divalent cationic bridging (DCB) mechanism, whereby divalent cations such
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as Ca2+ and Mg2+ form ‘bridges’ between anionic groups of EPS and the negatively charged particles
in sludge (schematised in Fig. 3) [43]. These cations also reduce the electrostatic repulsion between
the particles due to the compressed double layer (according to the DLVO theory). A similar
mechanism of DCB has also been reported for anionic polyacrylamide flocculation of particles
[36,44]. However, in addition to the DCB theory, other particle binding mechanisms (e.g., hydrogen
bonding) are also possible under certain conditions such as high ionic strength or high sodium
concentrations [45].
2.2.2. Extracellular polymers as heavy metal adsorbents
Heavy metal pollution is a critical environmental concern today due to the hazard caused on human
health and the environment. Heavy metals are toxic to exposed organisms and can accumulate in
soil and water bodies [46,47]. They are found in high concentrations in wastes discharged into the
environment by various industries such as metallurgy, mining and smelting, iron and steel,
electroplating, electrolysis, and electric appliance manufacturing [48]. At the same time, the
provision of these metals (which are essential and critical elements for our lifestyles) to many
industries and economies is at risk, due to depleting natural reserves and their concentration in a
few nations, and is thus subjected to geopolitical risks [49]. The recovery of metals from waste
streams is, therefore, of increasing economic interest. Hence, treating heavy metal waste streams
has two important objectives: removal to environmental standards and recovery to economic
standards.
Conventional methods for removing metal ions from aqueous solution, such as chemical
precipitation and filtration, are ineffective to remove low metal concentrations (< 1 – 50 mg/L) and
produce large quantities of sludge (because they co-precipitate/filter impurities as well) which are
expensive to dispose of [48,50]. On the other hand, technologies that do not generate such
secondary waste streams and are efficient for metal removal and recovery, are costly. Examples of
these are ion exchange, reverse osmosis, adsorption on activated carbon, and evaporation [50].

Fig. 3. Schematic illustration of the divalent cationic bridging mechanism of EPS (not drawn to scale).
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EPS can be low-cost adsorbents for heavy metal removal [31], especially when produced from
wastewater using mixed cultures. The EPS’ functional groups (such as carboxyl, hydroxyl and amine
groups) can bind to heavy metals either via ion exchange (where the COOH groups are involved) or
complexation mechanism (where COOH, OH and NH2 groups may be involved) [51–53].
Although there are various reports on the use of EPS for heavy metal adsorption [14], most are still
far from an economically feasible application in practice due to various limitations: the use of purecultured EPS [31], a focus on adsorption only and not on recovery, the use of unrealistically high EPS
concentrations in batch studies without practical significance in an industrial or environmental
context [53], and the lack of information on the possibility to regenerate and reuse the sorbent.
3.

Can wastewater be valorised to EPS? An open research field to explore

As explained in Section 2.2.1, EPS production for different applications has been focused on using
pure cultures [14,19,41,54]. Prior to this study, there was no work performed on dedicated EPS
production from (waste)water, be it fresh or saline water. Aside from the advantage of non-sterility
from employing such a mixed-culture approach, wastewater treatment can be simultaneously
combined with EPS production, since wastewater can serve as both carbon and nutrient source for
bacteria. Previous reports on EPS production have only studied it as a factor that affects biological
wastewater treatment processes such as sludge bioflocculation [26,55] and dewaterability [26,56]).
This has led to conflicting results and prevented clear conclusions on the key factors needed to
valorise wastewater to EPS (Section 2.1). Hence, a systematic research on the crucial parameters for
high EPS yields from wastewater is necessary. As described by More et al. [14], many factors (and
some may be interrelated) affect EPS yields in sludge systems, but among these factors, the
operational SRT and wastewater composition (including the COD/N ratio) may play the major roles
(Section 2.1). The SRT of the reactor system determines the rate of EPS’ production and degradation,
as well as the fraction of wastewater-COD that is mineralised (Section 2.1). Secondly, the type of
wastewater substrate influences the microbial community, the substrate incorporation into the cells
[17,57], and the metabolic pathway to produce secondary metabolites such as EPS. Beside studying
the effect of substrates, it is even more important to investigate the effect of excess or limited
wastewater nitrogen content on EPS production.
4.

How effective are wastewater-produced EPS as flocculants?

As described in Section 2.2.1, molecular weight (MW) and charge density (CD) are two vital
properties that determine the flocculation ability of polyelectrolytes [36], including EPS. Flocculation
performance generally increases with MW, and for anionic flocculants, there is an optimum CD value
[36,58], which is typically between 2 – 5 meq/g. Hence, the primary goal of this research is to
investigate strategies that will ensure the production of high EPS yields combined with the highest
possible MW and optimum CD range of EPS. Therefore, it will be vital to investigate the relationship
between EPS production strategies and their influence on MW and CD. Since the CD of EPS is
contingent on the chemical composition of the produced EPS, which in turn may be influenced by
the substrate composition and developed microbial community, it will be essential to further study
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the main EPS monomers and key EPS producers under different substrates. Furthermore, the
mechanism(s) of flocculation of such mixed EPS produced from mixed cultures should be elucidated.

Fig 4. A general scheme of the thesis.

5.

Aim and thesis outline

This thesis aimed to valorise selected industrial wastewaters to extracellular polymeric substances
(EPS) that can be employed as bioflocculants, heavy metal adsorbents and other applications. To
achieve this aim, it was important to study three aspects of the technology value chain: the
production of EPS, their characteristics, and their applications as flocculants and heavy metal
adsorbents (Fig. 4).
Chapter 2 of this thesis sets the stage on the possibility to use EPS produced from fresh and saline
glycerol/ethanol-rich synthetic wastewater as flocculants to remove (clay) particles in both saline
and non-saline environments. The hypothesis was that EPS produced from saline (waste)water
would better flocculate particles under saline condition than freshwater-produced EPS, and vice
versa. Soluble and bound EPS fractions were extracted from the freshwater and saline bioreactors,
purified and characterised for their functionalities, basic composition, molecular weights and charge
densities. The relationship between the EPS’ characteristics and flocculation performances are
discussed, and the flocculation performances of the different EPS fractions are compared with a
commercial anionic polyacrylamide. Under the tested saline and non-saline flocculation
environments, EPS flocculation mechanisms are proposed.
In Chapter 3, the underlying research question is to resolve the effects of solids retention time (in
comparison to Chapter 2) and COD/N ratios (excess and limited nitrogen regimes) of the feed on
15
15

1

Chapter 1

the recovery, characteristics, and flocculation performances of the produced EPS. This Chapter
focuses on valorising wastewater to obtain high EPS yield and is the first its kind to dedicate a reactor
system for much EPS production while concurrently treating the wastewater.
In Chapter 4, selected industrial wastewater types are tested for their suitability to produce EPS in
high yields. Additionally, the effects of the different carbon substrates on the produced EPS
characteristics and microbial communities are discussed. Since the biopolymer fraction of the
produced EPS was mainly composed of polysaccharides, further characterisation was done on the
sugar composition. The relationship between the EPS’ monosaccharides, charge density, molecular
weights, and different applications of EPS are discussed.
Chapter 5 is about investigating the flocculation mechanism involved when wastewater-produced
EPS are used as flocculants. Wastewater-produced EPS, being heterodispersed in nature (referred
to as ‘mixed EPS’), were size-fractionated and each fraction was characterised and investigated for
its role in the overall flocculation mechanism of mixed EPS in single and dual particle systems. The
hypothesis was that mixed EPS would better flocculate a mixture of particles compared to the use
of the high MW EPS fraction for the same purpose. Optical reflectometry was used to observe the
in-situ adsorption of EPS on a silica surface. Coupled with systematic flocculation tests, the
mechanism on how the various molecular weight EPS fractions adsorb to particles is elucidated.
In Chapter 6, the fundamental research question was to study if EPS, based on its properties, could
be harnessed as a heavy metal adsorbent. Here, we show the possibility to immobilise EPS on a
column for continuous flow-through adsorption and recovery of heavy metals (Cu2+, Pb2+ and Au3+).
The possibility to regenerate and reuse the immobilised EPS after successive adsorption-desorption
cycles were studied and the adsorption mechanisms are discussed.
In Chapter 7, a general discussion on the production, characteristics and applications of EPS is
provided. The experimental findings, (practical) implications, opportunities and limitations
originating from the five experimental chapters are discussed. Finally, suggestions for follow-up
research and future recommendations are given.
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Abstract
Natural flocculants, due to their eco-friendliness, have gained increasing attention for (waste) water
treatment and are promising alternatives to fossil-based synthetic flocculants. We systematically
investigated simultaneous industrial wastewater treatment with the production of microbial
extracellular polymeric substances (EPS) as natural flocculants. EPS were produced in two
membrane bioreactors, respectively treating fresh and saline synthetic wastewater from biodiesel
and (bio)ethanol industries. From each reactor, soluble and bound EPS fractions were extracted,
purified and characterised for their functionalities, molecular weights and charge densities using
Fourier transform infrared (FTIR), size exclusion chromatography and colloid titration, respectively.
High removal of chemical oxygen demand (COD) was achieved in both reactors (93 - 95 %), with 5.8
- 7.6 % of the influent COD recovered as EPS. FTIR spectroscopy reveals these EPS as a mixture
predominantly composed of proteins and polysaccharides, possessing carboxyl, hydroxyl and amine
groups. These functional groups, which provided a net anionic charge density (1.5 - 2.9 meq/g at
neutral pH), coupled with EPS mixed molecular weight (MW) distribution: high (˃ 1000 kDa),
medium (1000 - 100 kDa) and low (˂ 100 kDa) MW fractions, make them promising flocculants.
Extracted EPS showed good flocculation of non-saline kaolin suspension (74 - 89 % turbidity
reduction) and excellent flocculation of saline kaolin suspension (88 - 97 %), with performances
comparable to anionic polyacrylamide. The results show the possibility for wastewater treatment
plants to combine wastewater treatment with the production of valuable flocculants.
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1.

Introduction

Fields such as water and wastewater treatment, dredging, mining, food processing, textile and
paper making, petroleum and chemical industries face the challenge of particle removal from
saline/non-saline (waste) water. These fine suspended and colloidal particles may have adverse
effects on water potability and aquatic life when discharged into the environment untreated [1].
The challenge is to aggregate these particles into heavier mass by coagulation/flocculation, which
facilitates their removal by settling, (membrane) filtration or flotation.
Currently, coagulation/flocculation is widely achieved with the use of inorganic coagulants (such as
alum, aluminium chloride, and other multivalent metal salts), and/or fossil-based organic
flocculants, such as polyacrylamide and polyethyleneimine [2]. Inorganic coagulants are cheap and
easy to use. However, they do not coagulate efficiently at a low dosage, and at high concentrations
may leave residual metal particles in treated water, e.g., aluminium, which is linked to Alzheimer’s
disease [3]. Also, they produce toxic (metal hydroxide) sludges which are difficult to dewater,
expensive to dispose of [2], and not reusable in agriculture for soil improvement. Synthetic organic
flocculants, on the other hand, have higher flocculating efficiency, lower dosage requirements, form
strong and dense flocs and can dewater sludge more efficiently [2]. Nonetheless, some suffer
significant drawbacks of slow biodegradability and generation of toxic degradation
products/monomer residues (e.g., acrylamide from polyacrylamide, ethyleneimine from
polyethyleneimine), that may enter the food chain and cause neurotoxic or carcinogenic effects
[2,4]. Besides, unreacted toxic chemicals used to synthesise the monomer units, such as
formaldehyde, epichlorohydrin, and dimethylamine, have been found as sources of contaminants
in treated water [2]. Hence, the use of some synthetic flocculants can hardly be considered a
sustainable (waste) water treatment approach, especially in open systems such as in dredging and
mining applications.
Natural flocculants, due to their environmental friendliness, have gained increasing attention for
water treatment and are promising alternatives to synthetic fossil-based flocculants [5–8]. They are
of great interest because most are considered safe and biodegradable, fairly resistant to shear, and
produced sludges of organic nature can be degraded by microbes and reused in agriculture to
improve soil fertility [2,9]. One of the natural flocculants yet to be fully explored are microbial
extracellular polymeric substances (EPS). These are products of biochemical secretions and can
make up as much as 50 - 90 % of the organic matter content of microbial aggregates [10,11]. EPS
include high molecular weight substances like polysaccharides, proteins, lipids, and sometimes their
derivatives, such as glycoproteins, liposaccharides, and lipoproteins. Most EPS possess at neutral pH
a net negative charge due to the predominant presence of anionic functional groups like carboxyl,
hydroxyl and phosphoryl groups, outweighing positive charges such as amino groups present in
lower numbers. EPS are often referred to as ‘slimy’, ‘capsular’, ‘soluble’ or ‘bound’ (loosely- and
tightly- bound) depending on how they are extracted or associated with the cells [10]. These EPS
fractions have been shown to have different properties (composition, content, molecular weight),
which gives each fraction a distinctive characteristic that can be harnessed for its flocculating ability
[12–14].
25
25

2

Chapter 2

More often than not, EPS production strategy consists of the identification and isolation of EPSproducing microbial strains, their enrichment and feeding with single organic substrates to obtain a
single type of EPS, usually polysaccharides [9,15–17]. Although this strategy yields biodegradable
polymers, the disadvantage is that the pure cultures need to be fed with expensive and
unsustainable carbon sources as well as with valuable nutrients. As a more sustainable alternative,
we establish a mixed-culture approach that requires non-sterile cultures and feedstocks, e.g.,
organic wastewater as a carbon and nutrient source. Here one uses the potential of cooperative
growth and symbiotic relationships in mixed cultures of EPS-producing and non-EPS producing
bacterial strains as found in activated sludge. This mixed-culture approach may increase EPS yield
and produce higher molecular weight biopolymers that can enhance flocculation, compared to
pure-cultured EPS [10,18]. By using industrial wastewater as carbon source, wastewater treatment
plants can combine biological wastewater treatment with the production of natural flocculants,
saving (energy) costs.
EPS, being anionic polyelectrolytes, have a similar flocculation mechanism with synthetic anionic
flocculants such as polyacrylamide. In sludges, EPS have been reported to cause bioflocculation via
the divalent cation bridging (DCB) mechanism, whereby divalent cations such as Ca2+ and Mg2+ form
bridges between anionic groups of EPS and negatively charged particles in sludge [19]. These cations
also reduce the electrostatic repulsion between the particles due to the compressed double layer
(according to the DLVO theory) [19]. A similar mechanism of DCB has also been reported for anionic
polyacrylamide flocculation of (kaolin) particles [4,20].
This study is not aimed to maximise EPS production but to explore wastewater-derived
polyelectrolytes as attractive and alternative flocculants to synthetic organic flocculants, under
saline and non-saline conditions. We produced and extracted various EPS fractions from a mixed
microbial population treating synthetic industrial wastewater – fresh and saline, to investigate
mixed EPS production, characteristics, and flocculation behaviour under saline and non-saline
environments. We hypothesised that EPS produced from saline (waste)water would better
flocculate particles under saline condition than freshwater-produced EPS, and vice versa. To test the
flocculation performance of such polymers, we used kaolin clay suspension as a model. To the best
of our knowledge, this is the first time mixed EPS have been systematically investigated as potential
flocculants for (waste) water treatment, more importantly, the use of mixed EPS produced under
saline condition for saline (waste) water flocculation is novel.
2.

Materials and methods

2.1.

Reactor system and operation

Two lab-scale membrane bioreactors (MBRs, 3.3 L effective volume) were operated in parallel, with
the aim of combining wastewater treatment with EPS production. MBR was employed to retain
biomass and EPS, and avoid sedimentation problems often encountered at high salt concentration
[1,21]. The MBRs were operated under similar reactor conditions and parameters (Table 1), but with
different wastewater salinities and sources of inocula. One MBR was operated under freshwater
condition (FW-MBR) and the other under saline condition (Sal-MBR). The FW-MBR was inoculated
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with aerobic sludge from a municipal WWTP (located in Leeuwarden, Netherlands) having low
sodium concentration (182 ± 62 mg Na+/L). The Sal-MBR was inoculated with aerobic sludge
obtained from a saline wastewater treatment plant (located in Delfzijl, Netherlands) that treats
wastewater from local chemical industries. The sludge had been adapted to a salinity of 8 - 14 g
Na+/L for more than seven years. We fed both MBRs with nutrients and readily biodegradable
substrates – glycerol and ethanol, simulating biodiesel and (bio)ethanol wastewater (Table 2). These
substrates also make up more than 50% of the wastewater-COD of Delfzijl WWTP.
Detailed reactor design has been previously described by Akanyeti et al. [22]. Briefly, each MBR
comprised one submerged flat sheet membrane (Kubota membrane cartridge 203) made from
polyvinylidene fluoride (PVDF) with a surface area of 0.1 m 2 and nominal pore size of 0.2 µm.
Perforated PVC sheets were placed underneath the membrane module to provide coarse air
bubbles that scoured the membrane surface to reduce fouling. The permeate pumps (Masterflex
L/S, Cole-Parmer) were operated in cycles with 15 min permeation followed by a 5-min relaxation.
Table 1. Reactor set-up and operational parameters.
Parameter

Freshwater & saline reactors

Reactor type

submerged MBR

Effective volume (L)a

3.3

Temperature (oC)b

20 ± 1

pHc

7.5 ± 0.1

Solids retention time, SRT (d)

15

Hydraulic retention time, HRT (h)

5 (freshwater MBR); 5.5 (saline MBR)

Dissolved O2 concentration (mg/L)

4.0 ± 1.0

Operation time (d)

50

Influent CODd (mg/L)

520 ± 20 mg/L

Influent TNe (mg/L)

32 ± 2 mg/L

Carbon/nitrogen ratio (g COD/ g TN)

16 ± 1

a
d

Controlled with a level controller (ifm LR7000); b Ambient temperature; c controlled with doses of 0.1 M NaOH solution;
COD: chemical oxygen demand; e TN: total nitrogen - sum of all NH3-N, NO3--N, NO2--N, organic N.

2.2.

EPS extraction

EPS were extracted from sludge using a cation exchange resin (CER – Sigma-Aldrich’s DOWEX
Marathon C, sodium form, 20 - 50 mesh size) as described by Frølund et al. [23] and Faust et al. [21],
with slight modifications: 100 mL sludge was centrifuged (using Avanti J-26 XP centrifuge) at 12000
g for 10 min at 4oC. The supernatant was collected as crude soluble-EPS (S-EPS) after being passed
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through a 0.22 µm filter. Sludge pellet was washed and homogenised in a 1x phosphate buffer saline
(PBS) solution (10x Dulbecco's PBS: 0.2 g/L KCl, 0.2 g/L KH2PO4, 8 g/L NaCl, Na2HPO4) at pH 7.4, at
300 rpm using a stirring plate. The homogenised pellet was added to a flask containing 70g CER/g
VSS and extracted in PBS for 2 h at 600 rpm (using Heidolph MR Hei-Max L stirring plate). CER was
prewashed in PBS for 1 h before use. After the 2-hour extraction, centrifugation was carried out at
12000 g for 15 min at 4 oC, and the supernatant filtered (as described above). The filtrate was
collected as crude bound-EPS (B-EPS). Both the crude S-EPS and B-EPS were dialysed using tubular
dialysis membranes with a 12 - 14 kDa molecular weight cut-off (Spectra/Por 2) against Milli-Q water
for 2 h first, then 4 h, and finally for 48 h, with a change of Milli-Q water after each period. Dialysis
was necessary to concentrate and purify the EPS by removing low molecular weight metabolites
and salts. Purified EPS were lyophilised at -84 oC and 0.001 mbar.
2.3.

Analyses

2.3.1. Chemical Oxygen Demand (COD)
COD was measured using Hach Lange test kits (LCK, Hach Lange, UK), heated in a thermostat (HT
200S, Hach Lange) to 170 oC and analysed in a spectrophotometer (DR 3900 VIS spectral
photometer, wavelength range 320 – 750 nm).
Table 2. Composition of synthetic wastewater in both reactors. The main COD sources were glycerol and
ethanol. The main nitrogen source was NH4Cl. Yeast extract also contributed 10.5% of the total nitrogen.
Compound

Concentration
(mg/L)

Nutrient
solution

Concentration
(mg/L)

Glycerol

205

FeCl3∙6H2O

1500

Ethanol

120

H3BO3

150

NH4Cl

100

CoCl2∙6H2O

150

Yeast extract

60

ZnSO4∙7H2O

120

K2HPO4

7.5

MnCl2∙2H2O

120

KH2PO4

12.5

Na2MoO4∙2H2O

60

MgCl2∙6H2O

100

CuSO4∙5H2O

60

CaCl2∙2H2O

150

KI

30

NaCl*

30000

Nutrient solution

2 mL/L

* NaCl was fed only to the saline MBR.
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2.3.2. Total Suspended Solids (TSS) and Volatile Suspended Solids (VSS)
TSS and VSS were analysed according to the Standard Methods for the Examination of Water and
Waste water [24].
2.3.3. Functional group determination
Fourier transform infrared spectroscopy (FTIR) was carried out on the purified and lyophilised EPS
samples using Shimadzu FTIR-8400S spectrometer, with a scanning range of 4000 - 650 cm-1 for 40
scans at a spectral resolution of 2 cm-1.
2.3.4. Total proteins and polysaccharides quantification
Total protein content in EPS samples were determined using the Total Protein Kit – Peterson’s
modification of micro Lowry (Sigma Aldrich). Dilutions were prepared in PBS (pH 7.4) and bovine
serum albumin (BSA) was used as a standard. Absorbance was measured at 570 nm in a
spectrophotometer (Victor3 1420 Multilabel Counter, Perkin Elmer). Polysaccharides were
quantified using the phenol-sulphuric acid method described by DuBois et al. [25] using glucose as
a standard. Absorbance was measured at 490 nm in the spectrophotometer mentioned above.
2.3.5. Dissolved organic carbon and nitrogen (DOC and DON), and molecular weight
Purified samples were sent for analysis at DOC-Labor Dr Huber, Germany. Sample solution was first
passed through 0.45 µm polyethersulfone filter before DOC and DON analysis using a liquid
chromatography-organic carbon detection-organic nitrogen detection (LC-OCD-OND – model 7,
DOC-Labor) with built-in Siemens Ultramat 6E non-dispersive infrared detector (NDIR), coupled with
a proprietary organic nitrogen detector (UV 220 nm) and UV detector (254 nm). The column used
was a tandem setup with TSK HW65S followed by TSKHW50S (250mm x 20 mm each), and it
separated each sample into five fractions: biopolymers, humic substances, building blocks, low
molecular weight (LMW) acids, and LMW neutrals. The mobile phase was a phosphate buffer (28
mmol, pH 6.58). Data analysis was performed with DOC-Labor software (ChromLog).
2.3.6. Charge density
The surface charge of the flocculants was determined by colloid titration using a Mütek Particle
Charge Detector (PCD03) described by Tan et al. [26]. Each sample was titrated against a complexing
agent of opposite charge (0.01 mN poly-diallyldimethylammonium chloride, pDADMAC), using an
automatic titrator (Metrohm Titrando 888). The titrant was added in steps of 0.02 mL to 10 mL
sample solution (1 mg/L) in the PCD measuring cell. The streaming potentials (mV) were recorded
simultaneously. Titrant consumption in mL formed the basis for further calculations using the
formula:
𝑞𝑞 =

𝑐𝑐∗𝑉𝑉
𝑚𝑚

(1)

where q is the specific charge quantity (eq/g), c is the titrant concentration (eq/L), V is the consumed
titrant volume (L), and m is the mass of the sample (g).
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CD was determined at the initial pH of sample solution ( ̴ 5), pH 7 and pH 10, using 0.1 M NaOH/HCl
for pH adjustment.
2.3.7. Morphology
Scanning Electron Microscopy (SEM) was performed on freeze-dried EPS samples and kaolin flocs
using a JEOL-6480LV (JEOL Ltd, Tokyo, Japan). Floc samples were taken from the settled fraction
obtained after flocculation in jar tests and allowed to air dry. Both EPS and floc samples were coated
with a gold layer and analysed under a high vacuum (6 kV or 15 kV). Micrographs can be found in
the supplementary information (Fig. S4 and S5).
2.4.

Flocculation tests

Kaolin clay (Sigma Aldrich’s natural kaolinite, Al2O3∙2SiO2∙2H2O, full composition in Fig. S1) was used
to model wastewater particles. Like wastewater particles, kaolin clay possesses a net negative
surface charge and has been employed to determine the flocculation activity of flocculants
[17,27,28]. In our study, we investigated the potential of the different EPS fractions in comparison
with a commercially available synthetic flocculant (Superfloc A120V provided by Kemira,
Netherlands. Superfloc A120V is an anionic polyacrylamide with high molecular weight and medium
charge density – two important properties known to favour particle flocculation [4]), to flocculate
kaolin particles under saline and non-saline conditions. For this purpose, two model suspensions
were prepared: (i) saline kaolin suspension: 5 g kaolin/L and 30 g NaCl/L (to mimic saline water) (ii)
non-saline kaolin suspension comprising only 5 g kaolin/L. Both were prepared with Milli-Q water.
Flocculant solutions were made by dissolving lyophilised EPS powder/synthetic PE in Milli-Q water
at a concentration of 1 g/L.
First, we determined for each flocculant the optimum concentration required to best flocculate the
saline kaolin clay particles at pH 6.7 (initial pH of suspension). Second, we further investigated the
flocculation performances after the addition of 50 mg Ca2+/L (CaCl2∙2H2O) to the saline kaolin
suspension. Lastly, we examined the flocculation performances of the various flocculants on the
non-saline kaolin suspension (pH 6.7) using 100 mg Ca2+/L as a coagulant. All tests were carried out
at room temperature (21 ± 1 oC) and in duplicates.
Flocculation tests were carried out on a jar test flocculation unit (Lovibond® ET 740). The tests were
performed on a 100-mL scale with 1 min rapid mixing (250 rpm) of the kaolin suspension (after Ca2+
addition), followed by a 10-min slow mixing (25 rpm) after flocculant addition. In each experiment,
controls (kaolin suspension without the flocculant) were examined simultaneously. After the
flocculation program was completed, stirrers stopped and settling was allowed for 5 min.
Subsequently, 30 mL samples were taken from the supernatant (approximately 1 cm below the
surface) for immediate turbidity determination as Nephelometric Turbidity Units (NTU), using a
turbidimeter (2100N IS, Hach). Flocculation efficiency of the PE was calculated as follows:
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (%) =
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3.

Results and discussion

3.1.

Wastewater treatment performance
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The total COD removal (efficiencies) in both the FW and Sal MBRs is shown in Fig. 1A, with average
efficiencies of 95(±2) % and 93(±2) %, respectively. This performance is comparable to the
performance of the industrial WWTP in Delfzijl (93%, at 30 d SRT), treating similar wastewater
composition. This implies that the carbon-oxidizing bacteria were not inhibited at the 3% salinity.
Effluent COD concentrations from the FW-MBR were steady and ranged from 15 - 45 mg/L
throughout the operation period, while the Sal-MBR achieved steady effluent COD concentrations
(21 - 45 mg/L) after 10 days. Soluble COD concentrations were 60 mg/L in the FW-MBR and 66 mg/L
in the Sal-MBR. These values were higher than the average effluent concentrations (27 and 35 mg/L
respectively), signifying that the 0.2 µm membrane retained approximately 55% of the freshwater
soluble COD and 47% of the saline soluble COD. This large retention of soluble COD was probably
caused by higher retention of the fouling layer on the membrane surface compared to the clean
membrane [22]. Overall, soluble influent COD removal by microbial degradation was approximately
88%, and 6% removal was achieved by the membranes, indicating that biological degradation was
the predominant treatment process in both reactors.

B

75%

50%

25%

0%
0%

Freshwater MBR
Effluent
Mineralised

Saline MBR
Waste sludge

Fig. 1. (A) COD removal by both freshwater and saline membrane bioreactors, (B) COD distribution as a
fraction of influent COD in both bioreactors.

Fig. 1B shows the approximated COD mass balance of each reactor. Mineralisation was estimated
as the closure of the mass-balance. In both reactors, about half the influent COD fraction was
mineralised, which was expected due to the relatively long SRT, which resulted in the loss of a
significant amount of COD via oxidation (by the way, a 15-day SRT was utilised to ensure high COD
conversion). However, the degree of mineralisation may have been slightly overestimated because
substantial amounts of COD were occasionally removed from the membrane surface to decrease
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fouling. The waste sludge consisting of biomass and EPS contributed approximately 41% and 45%
(FW- and Sal-MBR, respectively) to the COD mass balance.
3.2.

EPS production

After 50 days reactor operation, two EPS fractions were extracted from the MBR sludges: solubleEPS (S-EPS) and bound-EPS (B-EPS) – Fig. 2B. The former refers to EPS secreted from the microbial
cells into the bulk liquid, while the latter are attached to the flocs [29]. Extracted EPS concentrations
and recoveries are based on the weight of solids obtained after lyophilisation (Fig. 2). EPS recovery
was based on the influent COD using the formula:
𝑄𝑄𝑤𝑤𝑤𝑤𝑤𝑤 ∗𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸

𝐸𝐸𝐸𝐸𝐸𝐸 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%) = 𝑄𝑄

𝑖𝑖𝑖𝑖𝑖𝑖 ∗𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖

∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸

(3)

where Qwas and Qinf are the flow rates (L/d) of the waste sludge and influent feed respectively, CEPS
is the concentration of EPS (g/L), CODinf is the influent COD (g/L), CODEPS is the COD of extracted EPS
(g COD/g EPS).
The total EPS concentrations in each MBR were 1̴ g/L, fractionated into 0.43 g/L freshwater S-EPS
and 0.54 g/L freshwater B-EPS (Fig. 2A). In the same vein, the saline S-EPS and B-EPS concentrations
were 0.34 g/L and 0.62 g/L. Bound-EPS concentrations were found to be higher than the
corresponding soluble-EPS, which is also consistent with many reports [21,30]. This distribution of
soluble and bound EPS fractions can vary and may be a function of the applied shear in the reactor
[10,29]. In perspective, a total of 5.8% of the influent COD was recovered as FW EPS (2.1 and 3.7 %
for soluble and bound FW EPS, respectively), and 7.6 % of the influent COD was recovered as Sal EPS
(4.1 and 3.5 % for soluble and bound Sal EPS, respectively). These correspond to 14 and 17 % EPSCOD going into the waste sludge line while the remaining fraction (27 and 28 % for FW-MBR and
Sal-MBR, respectively) consists of biomass (see Fig. 1B). However, these EPS recovery values do not
take into account the EPS that were removed from the membrane during the cleaning process.
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Fig. 2. (A) EPS concentration (g EPS/L sludge) and recovery with respect to influent COD, % (g EPS-COD/CODinf)
after extraction; (B) Images of the dried EPS. FW S-EPS: freshwater soluble-EPS, FW B-EPS: freshwater boundEPS, Sal S-EPS: saline soluble-EPS, Sal B-EPS: saline bound-EPS. Data expressed as mean ± standard deviation
of duplicate extractions.
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3.3.

EPS functionality and composition

EPS, being a mixture of compounds, provide different functional groups. FTIR analysis reveals similar
vibration bands and functionality of the 4 EPS fractions (Fig. 3A). The broad absorption bands at
3280 cm-1 are formed by the stretching vibration of both hydroxyl (of polysaccharides) and amino
group (of proteins) [31,32]. The sharper peak at 2910 is attributed to C–H stretching vibration.
Amide I (1700 - 1600 cm-1), amide II (1600 - 1500 cm-1), and amide III (1450 - 1200 cm-1) are peculiar
to proteins [32], while bands at 1250 - 1000 cm-1 are associated with polysaccharides [31]. The
amide I band at 1632 cm-1 is predominantly assigned to C=O stretching vibration of β-sheets in
secondary protein structure, which have been shown to favour sludge flocculation [31,32]. The
amide II band at 1534 cm-1 originates from the out-of-phase N–H bending and C–N stretching
vibrations in –CO–NH of proteins. The small band at 1448 cm-1 is representative of the amide III
band, which is assigned to the in-phase N–H bending and C–N stretch in proteins. Also, some of the
bands attributed to proteins are possible with amino-sugars [27]. The band at 1376 cm-1 is ascribed
to C=O symmetric stretching of –COO- groups [27]. The bands near 1220 cm-1 are associated with
the C–O stretching of ether or alcohol and the bands near 1042 cm -1 are attributed to the
asymmetrical stretching vibration of the C–O–C ester linkage of polysaccharides. Overall, these
findings suggest that both saline and freshwater EPS possess similar functional groups such as
carboxyl, hydroxyl and amino groups. Hence, they are amphoteric polyelectrolytes (PE) and can be
anionic, cationic or zwitterionic, depending on pH.
Detailed quantification of the total protein (PN) and polysaccharide (PS) content of each EPS fraction
is given in Fig. 3B. The freshwater biopolymer (PN and PS) fraction accounts for 82% w/w of the total
extracted EPS (soluble and bound). The remaining 18% is composed of biopolymer building blocks,
LMW acids and neutrals (see Fig. 4A and S2). Of the 82% freshwater biopolymeric fraction, the
bound-EPS (57% w/w) contains at least twice the PN and PS content compared to the soluble-EPS
(25% w/w). The saline MBR produced a higher percentage of biopolymers (soluble and bound: 91%
w/w) than the freshwater EPS (82 % w/w), perhaps due to the protective response of bacteria to
salt stress [12,33]. This increase was majorly expressed in the EPS fraction that ended up in the bulk
liquid (Sal S-EPS: 34% w/w compared to 25% w/w in FW S-EPS), indicating that salinity had more
influence on the soluble-EPS content than the bound fraction. A similar outcome was reported by
Zhang et al. [34], who observed a positive correlation between salinity and EPS content in the bulk
solution but no apparent correlation between salinity and (tightly) bound-EPS. De Temmerman et
al. [35] also demonstrated that a 2 g/L NaCl shock had a more palpable effect on S-EPS content than
B-EPS.
Fig. 3B further reveals a higher fraction of PN than PS in the four EPS fractions (freshwater solubleEPS, freshwater bound- EPS, saline soluble-EPS, saline bound-EPS), which is consistent with several
studies [21,23,30]. This can be related to higher PN production at such a relatively long SRT. Nielsen
et al. [36] reported that with an increasing biofilm age, the relative PN content of the biofilm in a
biofilter also increased, most likely due to preferential hydrolysis of other fractions such as PS.
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Fig. 3. EPS functionality and composition. (A) FTIR spectra of the extracted EPS fractions: freshwater boundEPS (FW B-EPS), saline bound-EPS (Sal B-EPS), freshwater soluble-EPS (FW S-EPS), saline soluble-EPS (Sal SEPS). (B) Polysaccharide and protein content of freshwater and saline EPS fractions. The fraction of building
blocks, LMW acids and neutrals was estimated as closure of EPS content based on LC-OCD results.
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3.4.

EPS chemical fractions, molecular weight, and charge density

3.4.1. EPS fractions
From the LC-OCD-OND analysis (Fig. 4A), four distinct EPS fractions were observed and quantified
based on MW: biopolymers (polysaccharides and proteins, or their combination), biopolymer
building blocks, low molecular weight (LMW) neutrals (such as alcohols, aldehydes, ketones) and
LMW acids (e.g., monoprotic organic acids). Humic substances were absent in the EPS samples since
they were not in the synthetic wastewater. As seen in Fig. 4A, the biopolymer fraction of the FW BEPS and Sal B-EPS represented 80.9 and 85.1 % DOC, respectively; while the building blocks, LMW
neutrals and acids corresponded to 6.6/4.1, 10.8/9.4 and 1.4/1.4 % of total DOC. In comparison to
the bound EPS, soluble EPS fractions showed lower biopolymer fractions (FW S-EPS: 50%, Sal S-EPS:
55.7%) and higher fractions of building blocks (FW S-EPS: 36.4%, Sal S-EPS: 35.1%). A possible
explanation is that the centrifugation extraction process sheared off low MW biopolymer fractions
(˂ 100 kDa).
The essential polymer properties from the viewpoint of flocculation are the molecular weight (MW),
and in the case of polyelectrolytes, the charge density (CD) [37].
3.4.2. Molecular weight (MW) distribution
Fig. 4B and 4C show the broad MW distribution of EPS biopolymer fractions. Surprisingly, a similar
trend was observed for the FW S-EPS and Sal S-EPS; and for the FW B-EPS and Sal B-EPS. However,
their concentrations differ: in all the MW fractions, higher biopolymer concentrations were found
in the Sal S-EPS (DOC: 154.6 mg/g EPS, DON: 11.8 mg/g EPS) than the FW S-EPS (DOC: 52.1 mg/g
EPS, DON: 5.6 mg/g EPS). A different trend was noticed for bound EPS concentrations: at higher MW
fractions (˃ 2000 – 1000 kDa), concentrations of FW B-EPS (DOC: 19.4 mg/g EPS, DON: 2.9 mg/g EPS)
were slightly higher than Sal B-EPS (DOC: 13.5 mg/g EPS, DON: 1.7 mg/g EPS); but at lower MW
fractions (500 – ˂10 kDa), the reverse was the case (Sal B-EPS – DOC: 102.3 mg/g EPS, DON: 20.9
mg/g EPS; FW B-EPS – DOC: 72.7 mg/g EPS, DON: 8.2 mg/g EPS) see Fig. S2.
These findings show that salinity does not influence the MW distribution of wastewater-produced
EPS but does play a role in the concentration. The Sal-MBR had a 66% higher concentration of
soluble biopolymer DOC and 29% higher bound biopolymer DOC concentration than the
corresponding FW fractions. Likewise, the DON concentration (originated from EPS-proteins and
amino sugars) [38] of the Sal-EPS were also higher in both the soluble (53%) and bound (50%) EPS
than their corresponding FW-EPS. These results confirm that microorganisms under saline
conditions produce higher concentrations of EPS polysaccharides and proteins [39].
Furthermore, compared to the bound-EPS, soluble-EPS (FW and Sal) had higher biopolymer
concentrations of the highest MW fraction (˃ 2000 kDa). A likely explanation for this is the
occurrence of polymer-polymer interactions in the bulk liquid. From the model by Tielen et al. [40],
there is a possible electrostatic interaction between the positively charged amino acid chain of
proteins and the negatively charged carboxyl groups of polysaccharides. Although this model was
applied for biofilms, a similar mechanism has been reported for MBRs [41].
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Fig. 4. (A) Organic carbon (OC) fractions of extracted freshwater and saline EPS samples. The molecular
weight distribution of soluble and bound EPS from freshwater (B), and saline (C) bioreactors. DOC: dissolved
organic carbon, DON: dissolved organic nitrogen.
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Fig. 5. Anionic charge densities of extracted EPS fractions and commercial anionic polyacrylamide (PE A120V)
as a function of pH.

3.4.3. Charge density (CD)
EPS possess surface charge due to the presence of charged functional groups with counter ions (Fig.
S3). Fig. 5 shows the CDs of the four EPS fractions and synthetic PE A120V at the initial pH of each
sample solution ( ̴5), neutral pH (7) and alkaline pH (10). They all showed a similar trend of
increasing anionic CD with rising pH. Under acidic conditions, the carboxyl and amino groups are
protonated (–COOH, –NH3+), decreasing the net anionic CD. At an elevated pH of 10, both groups
occur in the deprotonated form (–COO-, –NH2), resulting in a higher anionic CD.
The four EPS samples showed similar anionic CDs at each pH: 1.1 - 1.8 meq/g at pH 5̴ , 1.5 - 2.9
meq/g at neutral pH and 4.4 - 5.5 meq/g at pH 10. The EPS CD values at neutrality are within the
range reported by Mikkelsen [42], (1 - 3 meq/g) for most EPS. However, these values are lower than
the CD of PE A120V (5.1, 6.2 and 9.2 meq/g at pH 5, 7 and 10 respectively).
3.5.

EPS flocculation performances and the effect of MW and CD

The high molecular weight of these EPS, coupled with their surface charge, make them potential
polyelectrolytes to flocculate suspended and colloidal particles (e.g., kaolin clay).
The flocculation performances of the four EPS fractions and synthetic PE A120V toward saline kaolin
suspension is given in Fig. 6A. The synthetic PE A120V showed maximum flocculation efficiency (98.6
± 0.1%) at a concentration of 0.1 mg/g kaolin (corresponding to 0.5 mg/L kaolin suspension), but a
reduced efficiency at higher concentrations. This was probably caused by the restabilisation of
kaolin particles at higher concentrations [4,27]. On the other hand, no conspicuous optimum dosage
was observed for the EPS fractions. This is likely due to the lower CD of EPS compared to the
commercial PE. The advantage is that excess EPS dosage will have little or no effect on the
flocculation performance.
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Fig. 6. Flocculation efficiencies of extracted EPS fractions and a commercial anionic polyacrylamide (PE
A120V) at (A) different polymer concentrations on saline kaolin suspension (5 g kaolin/L and 11.7g Na+/L),
(B) optimum polymer dosage on saline and non-saline kaolin suspension (5 g kaolin/L), with and without Ca2+
addition as a coagulant.

At a concentration of 2 mg/g kaolin (corresponding to 10 mg/L kaolin suspension), each EPS fraction
achieved maximum performance in the tested concentrations. Of the four EPS fractions, the Sal BEPS performed best for flocculating saline kaolin suspension, with an efficiency of 97.4 ± 0.2 %, a
value close to the performance of the commercial PE. The FW B-EPS, Sal S-EPS, and FW S-EPS had
efficiencies of 94.3 ± 1.0 %, 90.0 ± 0.4 % and 87.7 ± 0.7 %, respectively. The EPS dosage employed
in our study is similar to that reported by Liu et al. [17] (maximum flocculation efficiency: 95.3% at
pH 6.5) but lower than reports from some other authors (Sam et al. [28] – 400 mg EPS/g kaolin,
Cosa et al. [43] – 50 mg/g kaolin, Li et al. [44] – 10 mg/g kaolin), who all used bioflocculants from
isolated bacterial strains. This suggests that mixed-culture EPS could be more effective flocculants
than certain pure-cultured EPS [45], although the mechanistic reason still needs to be further
investigated.
Using the best-tested dosage of each flocculant, further addition of divalent cation (50 mg Ca 2+/L)
to the saline kaolin suspension had little or no effect on the flocculation performances (Fig. 6B). The
slightly lower flocculation efficiencies noticed for some flocculants (FW B-EPS and PE A120V) when
compared to the non-Ca dosed saline kaolin suspension was most likely caused by charge reversal
because of the cationic charge overdose, which probably led to restabilisation of the clay particles.
Lee et al. [46] reported the dual effect of divalent cation dosage, which either causes particlebinding cationic bridging that leads to flocculation, or polymer-binding cationic bridging that leads
to stabilisation and a subsequent reduced turbidity removal. The latter was perhaps dominant for
FW B-EPS and PE A120V. For the PE A120V, stabilisation is possible due to the high CD (6.2 meq/g
at neutral pH). At such high ionic strength where the electrical double layer is completely suppressed
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(see Section 3.6), the addition of (excess) divalent cation can lead to some of the polymer chains
forming bridges with one another (instead of bridging with the particles) due to the many adsorption
sites. For the FW B-EPS, it is possible the low and medium MW fractions first form bridges between
the kaolin particles, and instead of the longer chains to aggregate into larger flocs, they can bind
with each other with the aid of the added Ca2+ [47].
Flocculation under non-saline conditions was also performed using 100 mg Ca2+/L (to mimic Ca2+
concentration in natural waters) as a coagulant (Fig. 6B). 50 mg Ca2+/L was initially tested but had a
poor flocculation performance (˂ 50%), possibly concentration was too low to effectively reduce the
electrostatic repulsion between the negatively charged kaolin particles. At the tested 100 mg Ca2+/L
coagulant dosage, the commercial flocculant showed the highest flocculation efficiency (93.5 ± 0.3
%) for the non-saline kaolin suspension, followed by the FW B-EPS with an efficiency of 89.1 ± 2.0
%. The other EPS fractions achieved more than 74% flocculation performance.
We hypothesized that EPS produced under saline conditions would perform best under saline
flocculation conditions and freshwater EPS would perhaps be more efficient during freshwater
flocculation. Indeed, of the EPS fractions, the bound-EPS produced under saline condition (Sal BEPS) showed the best flocculation of kaolin particles in the saline environment and the bound-EPS
produced under freshwater condition (FW B-EPS) showed the best flocculation of particles in the
non-saline environment.
A higher EPS dosage was required to achieve a flocculation performance comparable to the
synthetic PE because of the higher MW and charge density of the synthetic PE. It is well known that
the higher the MW, the longer the polymer chain and the more adsorption sites for flocculation.
Likewise, a higher charge density implies more repulsion between charged segments and an
expansion of the polymer chain, although an optimum CD is necessary for effective flocculation [4].
However, the advantage of a lower CD (as found in EPS compared to PE A120V) is the reduced
restabilisation effect at excess polymer dosage (Fig. 6A). This explains why EPS had a wider dosage
range for an effective flocculation performance.
Regarding the four EPS fractions and their flocculation performances, the soluble-EPS, due to their
more abundant higher MW fractions, were expected to show higher flocculation efficiencies than
the corresponding bound-EPS. However, the results showed otherwise. Perhaps the flocculation
performances of the soluble-EPS were hampered by the high fraction of building blocks (Fig. 4A).
Nonetheless, this study indicates that mixed EPS with little or no building blocks, and having high (˃
1000 kDa), medium (1000 - 100 kDa) and low (˂ 100 kDa) MW [4], as found in the bound-EPS, are
potential and promising flocculating agents.
3.6.

Proposed flocculation mechanisms

In both the saline and non-saline flocculation conditions, the addition of cations to the suspension
reduces the electrostatic repulsion between the kaolinite particles due to the compressed double
layer (according to the DLVO theory) [19]. This effect is much stronger in the saline kaolin suspension
with higher ionic strength (I = 0.513 M) than with the non-saline suspension coagulated with Ca2+
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(I = 0.008 M). It has been reported that an ionic strength of at least 0.5 M is needed to achieve
complete suppression of the electrostatic repulsions [48,49]. Hence, H-bonds can be easily formed
(in the saline kaolin suspension) between the amide group (of EPS-protein) or hydroxyl group (of
EPS-polysaccharide) and surface hydroxyl groups of kaolinite such as silanol (Si–OH) and aluminol
(Al–OH), thus forming EPS polymer bridges between the kaolin particles – Fig. 7A. A similar
flocculation mechanism (polymer bridging by H-bonding) has been reported for anionic
polyacrylamide for saline mine tailings and kaolinite particles [4,50]. Ji et al. [50] further described
a more condensed polymer conformation and enhanced adsorption state due to the high salinity
medium. Thus, the reduced electrical repulsion among the particles and the enhanced adsorption
of the biopolymers on particle surfaces are the likely reasons for the high flocculation efficiencies of
the saline kaolin suspension [50].
In the non-saline kaolin suspension coagulated with 100 mg/L Ca2+, the ionic strength (0.008 M) was
perhaps too low to bring about a significant suppression of the DLVO-type electrostatic repulsion
for subsequent H-bonding. Hence, the divalent cationic bridging (DCB) mechanism [19] (rather than
H-bonding) is more likely to control the flocculation process. Despite electrostatic repulsion, Ca2+
can bridge between anionic groups on the polymer and negative sites on the kaolin surface [4] (Fig.
7B).

Fig. 7. Schematic illustration of the proposed flocculation mechanisms of EPS in (A) saline kaolin suspension
(hydrogen bonding after the suppression of the double layer at high ionic strength), (B) non-saline kaolin
suspension coagulated with 100 mg/L Ca2+ (divalent cationic bridging mechanism). Figures not drawn to scale.
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4.

Conclusions

This work demonstrates the combination of biological wastewater treatment with the production
of effective natural flocculants (microbial exopolymers) from both fresh and saline wastewater.
Although the extracted soluble and bound EPS fractions had a similar composition (mainly
polysaccharides and proteins), their molecular weights (distribution) and charge densities differed.
The four EPS fractions had a mixture of high (˃ 1000 kDa), medium (100 - 1000 kDa) and low (˂ 100
kDa) molecular weight fractions, but in varying concentrations. Saline-EPS produced higher
concentrations of biopolymers than the corresponding freshwater-EPS fraction. The molecular
weight distribution of the four EPS fractions was less affected by salinity – both the freshwater and
saline soluble EPS had a similar distribution, and the same for the bound fractions. Moreover, the
lower charge density of EPS, compared to the anionic polyacrylamide (PE A120V), provided an
extensive dosage range for effective flocculation with little or no problem of particle restabilisation
at higher dosages. Since EPS recoveries in this study were low (5.8 – 7.6 % influent COD), ongoing
research is focused on simple strategies to increase recovery for economic viability. Moreover, the
flocculation mechanism of such mixed-EPS needs to be further investigated.
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Supplementary information of Chapter 2
S1. Chemical analysis of kaolinite, as provided by Sigma-Aldrich.
Compound

wt%

SiO2

50.4

Al2O3

34.3

K2O

1.9

Fe2O3

0.5

TiO2

0.4

Na2O

0.2

Loss on ignition: 11.5%
S2. LC-OCD-OND chromatograms of EPS (A).

A

42

Sample 1: Freshwater soluble-EPS

Sample 3: Saline soluble-EPS

Sample 2: Freshwater bound-EPS

Sample 4: Saline bound-EPS
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S2 (B). Dissolved organic carbon and nitrogen concentrations of EPS fractions by LC-OCD-OND.
EPS

EPS fraction

Biopolymer MW fraction

mg DOC/g EPS mg DON/g EPS

FW S-EPS

Biopolymer

0.45 µm - 2000 kDa
2000 - 1500 kDa
1500 - 1000 kDa
1000 - 500 kDa
500 - 100 kDa
100 - 50 kDa
50 - 10 kDa
˂ 10 kDa

15.1
5.1
5.5
6.3
9.2
2.8
5.1
3.0
37.9
11.0
3.2
8.0
4.9
6.5
10.6
24.2
9.4
21.9
17.2
8.4
13.8
1.8
53.3
16.6
17.9
21.2
25.5
5.5
9.2
5.4
97.2
20.3
5.0
4.8
3.5
5.2
10.2
26.8
13.3
37.5
24.7

FW B-EPS

Sal S-EPS

Sal B-EPS

Building blocks
LMW neutrals
LMW acids
Biopolymer
0.45 µm - 2000 kDa
2000 - 1500 kDa
1500 - 1000 kDa
1000 - 500 kDa
500 - 100 kDa
100 - 50 kDa
50 - 10 kDa
˂ 10 kDa
Building blocks
LMW neutrals
LMW acids
Biopolymer
0.45 µm - 2000 kDa
2000 - 1500 kDa
1500 - 1000 kDa
1000 - 500 kDa
500 - 100 kDa
100 - 50 kDa
50 - 10 kDa
˂ 10 kDa
Building blocks
LMW neutrals
LMW acids
Biopolymer
0.45 µm - 2000 kDa
2000 - 1500 kDa
1500 - 1000 kDa
1000 - 500 kDa
500 - 100 kDa
100 - 50 kDa
50 - 10 kDa
˂ 10 kDa

2.5
0.4
0.4
0.5
0.7
0.3
0.5
0.3
1.8
0.5
0.6
0.9
2.5
1.2
2.5
2.0
3.9
0.9
1.0
1.5
2.2
0.6
1.0
0.7
0.9
0.3
0.5
1.0
3.9
3.8
9.1
4.1

2
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S2 (B). (continued)
EPS

EPS fraction

Sal B-EPS

Building blocks
LMW neutrals
LMW acids

Biopolymer MW fraction

mg DOC/g EPS mg DON/g EPS
6.1
13.8
2.0

-

S3. Cation analysis of EPS (mean ± standard deviation, n = 2). PE: Polyelectrolyte.
Cation

FW S-EPS

FW B-EPS

Sal S-EPS

Sal B-EPS

PE A120V

Ammonium (mg/g PE)
Sodium (mg/g PE)
Potassium (mg/g PE)
Calcium (mg/g PE)
Magnesium (mg/g PE)

1.4 ± 0.0
3.9 ± 0.2
2.1 ± 0.0
11.9 ± 0.4
2.3 ± 0.0

6.9 ± 0.0
13.9 ± 0.1
6.2 ± 0.2
1.9 ± 0.1
< 1.0

7.1 ± 0.1
21.1 ± 1.1
6.6 ± 0.2
17.5 ± 0.4
3.7 ± 0.0

19.0 ± 0.7
21.0 ± 0.3
5.6 ± 0.2
3.2 ± 0.0
< 1.0

< 1.0
70.8 ± 0.8
< 1.0
< 1.0
< 1.0

S4. SEM micrograph of bound-EPS produced from (A) fresh and (B) saline wastewater.

A.

Saline kaolin suspension only

B. Saline kaolin suspension + FW B-EPS

S5. SEM micrograph of non-flocculated (A) and flocculated (B) particles.
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2

S6. Images of settled flocs formed by (A) anionic acrylamide, (B) FW B-EPS in non-saline kaolin suspension
coagulated with 100 mg /L Ca2+, (C) FW B-EPS in saline kaolin suspension without additional Ca2+.
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Abstract
Microbial extracellular polymeric substances (EPS) were produced in two membrane bioreactors,
each separately treating fresh and saline synthetic wastewater (consisting of glycerol and ethanol),
with the purpose of applying them as sustainable bioflocculants. The reactors were operated under
nitrogen-rich (COD/N ratios of 5 and 20) and limited (COD/N ratios of 60 and 100) conditions. Under
both conditions, high COD removal efficiencies of 87 - 96 % were achieved. However, nitrogen
limitation enhanced EPS production, particularly the polysaccharide fraction. The maximum EPS
recovery (g EPS-COD/g CODinfluent) from the fresh wastewater was 54% and 36% recovery was
obtained from the saline (30 g NaCl/L) wastewater. The biopolymers had molecular weights up to
2.1 MDa and anionic charge densities of 2.3 - 4.7 meq/g at pH 7. Using kaolin clay suspensions, high
flocculation efficiencies of 85 - 92 % turbidity removal were achieved at EPS dosages below 0.5 mg/g
clay. Interestingly, EPS produced under saline conditions proved to be better flocculants in a saline
environment than the corresponding freshwater EPS in the same environment. The results
demonstrate the potential of glycerol/ethanol-rich wastewater, namely biodiesel/ethanol industrial
wastewater, as suitable substrates to produce EPS as effective bioflocculants.
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1.

Introduction

One of the challenges faced in the water sector with respect to particle removal is the replacement
of synthetic flocculants with effective and eco-friendly flocculants such as natural flocculants, and
for this reason, bioflocculants have gained increasing attention [1–3]. They are potential alternatives
to fossil-based synthetic flocculants, which are largely non-biodegradable and may cause harmful
pollution [3,4]. A class of promising bioflocculants yet to be explored are microbial extracellular
polymeric substances (EPS) [5,6]. EPS comprise high molecular weight compounds (namely
polysaccharides and proteins) that make them attractive flocculants. Being anionic
polyelectrolytes, they can interact with negatively charged particles in the presence of divalent
cations, forming divalent cationic bridges between particles and polymers, which lead to bridging
flocculation [7].
EPS are often produced by employing pure cultures [1,5,6]. However, this approach requires sterile
conditions as well as expensive and unsustainable carbon sources such as glucose [1]. As a more
sustainable alternative, we demonstrate a mixed-culture strategy that involves non-sterile cultures
and feedstock, such as organic wastewater. Such an approach not only yields cheap and
environmentally friendly flocculants but also saves on wastewater treatment costs. Recently, we
showed the possibility of producing EPS with excellent flocculation performance from wastewater
[8], but the yield of 6 - 8 % (based on wastewater-COD) was relatively low.
Although conflicting results have been obtained, nitrogen limitation is often reported to enhance
microbial EPS production [9–13]. This seems a functional strategy to produce bioflocculants from
wastewater as many wastewaters such as biodiesel and paper industrial wastewaters are rich in
organic carbon but low in nitrogen.
This study investigates the effect of nitrogen limitation as an approach to enhance EPS yield during
the treatment of biodiesel/(bio)ethanol wastewater mixture, and to explore the effect of nitrogen
limitation on EPS properties and flocculation performances. In addition, EPS obtained from saline
wastewater were compared to EPS from fresh wastewater as it was hypothesized that the former
might also give a better flocculation performance under saline conditions.
2.

Materials and methods

2.1.

Wastewater treatment reactors

Two membrane bioreactors (MBRs, 3.3 L effective volume) were operated in parallel, each
separately treating fresh and saline synthetic wastewater. The MBRs were equipped with a PVDF
submerged flat sheet membrane with a nominal pore size of 0.2 µm [8]. The freshwater (FW) MBR
was inoculated with non-saline aerobic sludge (182 ± 62 mg Na+/L) from a municipal wastewater
treatment plant (WWTP) located in Leeuwarden, Netherlands. The saline (Sal) MBR was inoculated
with aerobic sludge obtained from a saline industrial WWTP (located in Delfzijl, Netherlands) that
treats wastewater from local chemical industries (sludge salinity 11 ± 3 g Na+/L). Both MBRs were
operated at a room temperature of 20 ± 1 °C, a pH of 7.5 ± 0.3, a dissolved oxygen concentration of
2.5 ± 1.5 mg O2/L, and a solids retention time (SRT) of 3 days. The hydraulic retention time (HRT)
varied between 7.3 h and 13.9 h, depending on the membrane fouling (Table 1).
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2.2.

Wastewater composition

Wastewater influent COD was 1000 ± 25 mg/L, mainly provided from glycerol (410 ± 10 mg/L) and
ethanol (240 ± 5 mg/L) in a 1:1 COD ratio, simulating biodiesel and bioethanol wastewater. These
substrates make up more than 60% of the wastewater COD of Delfzijl WWTP. The main nitrogen
source was NH4Cl, and its concentration varied based on the utilized COD/N ratio. The nutrient
medium composition per litre of tap water comprised 200 mg MgCl2∙6H2O, 150 mg CaCl2∙2H2O, 15
mg K2HPO4, 25 mg KH2PO4, and 2 mL trace elements solution (detailed composition in Ajao et al.
[8]). Yeast extract was also added to the nutrient medium, and the COD of the medium was
considered in the total influent COD. The COD/N ratio was calculated based on the ratio of total
influent COD to total nitrogen (N), measured in g/L. The COD/N ratios employed were 5, 20, 60 and
100. The amount of NH4-N and yeast extract required for each COD/N ratio is shown in Table 1.
Table 1. Hydraulic retention time (HRT) of each reactor under freshwater (FW-MBR) and saline (Sal-MBR)
conditions, and amount of NH4-N and yeast extract in the feed.
Reactor

HRT(h)
(FW-MBR/Sal-MBR)

COD/N
(g/g)

NH4–N
(mg/L)

Yeast extract Total nitrogen
(mg/L)
(mg/L)

COD/N 5

7.3/8.6

5

189.5

100.0

200.0

COD/N 20

7.9/9.2

20

39.5

100.0

50.0

COD/N 60

9.9/13.9

60

6.1

100.0

16.7

COD/N 100

9.9/13.9

100

4.7

50.0

10.0

2.3. Wastewater treatment performance analysis
COD, total nitrogen, and NH4–N concentrations were determined using the Hach Lange test kits
(LCK, Hach Lange, UK). The nitrite and nitrate concentrations of reactor effluents were analyzed
using ion chromatography (Metrohm IC Compact 761): the stationary phase was packed polyvinyl
alcohol with quaternary ammonium groups and the mobile phase was an aqueous solution of 1mM
NaHCO3 and 3.2 mM Na2CO3.
2.4.

EPS extraction

For each COD/N ratio, the MBRs were operated for a period of at least three times the SRT, after
which EPS were extracted from the reactor content. The detailed extraction technique has been
described by Ajao et al. [8], but was slightly modified. In summary, 400 mL sludge was centrifuged
at 17000 g and 4 °C for 30 min. The sludge supernatant containing soluble (S)-EPS was dialysed
successively against demineralised water at least eight times. From the sludge pellets, bound (B)EPS were extracted into a phosphate buffer saline solution (PBS, pH 7.4) using a cation exchange
resin (Sigma-Aldrich’s DOWEX Marathon C, sodium form) at a dosage of 70 g/g VSS for 2 h. After
extraction, the supernatant containing the B-EPS was centrifuged at 12000 g and 4°C for 15 min
and dialysed as explained above. Dialysed soluble and bound EPS fractions were frozen at -80 °C
and freeze-dried to obtain dry solids. Dried EPS were weighed and measured for COD content. EPS
recovery was based on the influent COD using the equation:
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𝑄𝑄𝑤𝑤𝑤𝑤𝑤𝑤 ∗𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸

𝐸𝐸𝐸𝐸𝐸𝐸 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%) = 𝑄𝑄

𝑖𝑖𝑖𝑖𝑖𝑖 ∗𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖

∗ 𝐶𝐶𝐶𝐶𝐶𝐶(𝐸𝐸𝐸𝐸𝐸𝐸)

(1)

where Qwas and Qinf are the flow rates (L/d) of the waste sludge and influent feed respectively, CEPS
is the extracted EPS concentration (g/L), CODinf is the influent COD (g/L), and COD(EPS) is the COD
of extracted EPS (g COD/g EPS).
2.5.

EPS characterisation

2.5.1. Viscosity
As a quick tool to monitor EPS production in the reactors, viscosities of the sludge supernatants
(after centrifugation at 17000 g for 30 mins) were measured at 10, 12, 20, and 30 rpm at room
temperature (21 oC) using a HAAKE Viscotester 6L plus (Thermo Electron, Germany).
2.5.2. Functional group determination
Fourier transform infrared spectroscopy (FTIR) was carried out on the freeze-dried EPS samples
using an FTIR-8400S spectrometer (Shimadzu, Japan) with a scanning range of 4000 - 650 cm-1 for
40 scans at a spectral resolution of 2 cm-1.
2.5.3. Total protein and polysaccharide quantification
The total protein content of the EPS was determined using a bicinchoninic acid (BCA) assay kit
(Thermo Scientific, USA). The assay was performed in a microplate, where 25 µL of EPS solution
(dissolved in PBS, pH 7.4) or standard bovine serum albumin was mixed with 200 μL of BCA working
reagent and incubated at 37 °C for 30 min. Afterward, the absorbance was measured at 570 nm
using a spectrophotometer (Victor3 1420 Multilabel Counter, Perkin Elmer, USA).
Total polysaccharides/carbohydrates were quantified using the phenol-sulphuric acid method
described by Dubois et al. [14] using glucose as the standard sugar. Absorbance was measured at
490 nm in the spectrophotometer mentioned above.
2.5.4. Molecular weight determination
A solution of EPS was first passed through 0.45 µm polytetrafluoroethylene filter before molecular
weight determination using liquid chromatography-organic carbon detection (LC-OCD – model 8,
DOC-LABOR, Germany) with a built-in Siemens Ultramat 6E Non-Dispersive Infra-Red detector,
coupled with an Agilent 1260 organic nitrogen detector (UV 220 nm) and a UV detector (254 nm).
The column used was a tandem setup with an Agilent BioSec5 5um 1000A (7.8 mm*300 mm) and a
Toyopearl HW-50S 30 um (20 mm*250 mm). The mobile phase was a phosphate buffer (28 mmol,
pH 6.6). EPS molecular weights were determined using pullulan standards obtained from PSS,
Germany.
2.5.5. Charge density
Charge density was determined by colloid titration using a Mütek Particle Charge Detector (PCD03,
Germany) described by Tan et al. [15] and a titration procedure explained by Ajao et al. [8]. The
charge density was calculated from the titrant (poly-diallyldimethylammonium chloride, pDADMAC)
consumption according to:
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𝑞𝑞 =

𝑐𝑐∗𝑉𝑉
𝑚𝑚

(2)

where q is the specific charge quantity (eq/g), c is the titrant concentration (eq/L), V is the consumed
titrant volume (L), and m is the mass of the EPS sample (g). Charge density was determined at the
initial pH of sample solution (5.0 ± 0.2) and at pH 7.0 ± 0.1 (since most waters are flocculated at
close to neutral pH) using 1 mM NaOH for pH adjustment.
2.6. Flocculation tests
Flocculation tests were carried out on a jar test flocculation unit, as described by Ajao et al. [8].
Naturally-occurring kaolin clay (Sigma-Aldrich’s natural kaolinite, Al2O3∙2SiO2∙2H2O), possessing a
net negative charge, was used as a model for water particles [5,16]. We investigated the potentials
of different EPS fractions produced under different COD/N ratios as natural flocculants. For this
purpose, two model suspensions were prepared: (i) saline kaolin suspension: 5 g kaolin/L and 30 g
NaCl/L (to mimic saline water), and (ii) non-saline kaolin suspension comprising only 5 g kaolin/L.
Both were prepared in Milli-Q water. EPS solutions were made by dissolving freeze-dried EPS in
Milli-Q water. For the flocculation of the non-saline kaolin suspension, 100 mg Ca2+/L (CaCl2∙2H2O)
was added as a coagulant. Supernatant turbidity after flocculation was measured with a
turbidimeter (2100N IS, Hach) in Nephelometric Turbidity Units (NTU). Flocculation efficiency was
calculated as follows:
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (%) =

𝑁𝑁𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑁𝑁𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(3)

where NTUcontrol is the turbidity value of the control experiment (without EPS addition), and NTUtest
is the turbidity value of test experiment (with EPS as flocculant).
3.

Results and discussion

3.1.

Wastewater treatment performance

During the operational period of at least three times the SRT, similar COD removal efficiencies (93 97 %) were observed for all the COD/N ratios (except Sal-MBR at COD/N 100) irrespective of the
wastewater salinity (Table 2). COD concentrations in the effluent varied between 36 and 58 mg/L.
Only at a COD/N ratio of 100 did the Sal-MBR give an average removal efficiency of 87% and an
effluent concentration of 130 mg/L.
The high COD removal efficiencies at COD/N of 60 and 100 were rather surprising because nitrogen
was clearly limiting under these conditions (effluent NH4-N concentrations below 0.3 mg/L). To
exclude a temporary effect, FW-MBR operation at COD/N 100 was continued for another 105 days,
but a high COD removal efficiency of at least 96% could still be maintained. Under the nitrogenlimited condition, excellent COD removals were achieved because influent soluble COD was
converted to EPS-COD, which was retained by the membrane. Moreover, the COD mass balances
(Fig. S1, see supplementary information) reveal that by limiting nitrogen, mineralisation and
biomass production from influent COD were substituted by EPS production. At COD/N 100, 54%
of the wastewater COD was converted to EPS and 17% for biomass growth. Mineralisation of
wastewater-COD, calculated as a closure of the COD mass balance, was only 16%, implying that the
oxygen demand of the process was very low.
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Table 2. COD removal efficiency, effluent COD and NH4-N concentrations in both freshwater (FW) and saline
(Sal) membrane bioreactors (MBRs) operated at different COD/N ratios. Data expressed as the mean ±
standard deviation of at least four effluent samples analysed during the operational period.
Reactor
FW-MBR

Sal-MBR

3.2.

COD/N
(g/g)
5
20
60
100
5
20
60
100

Effluent COD
(mg/L)
58 ± 9
50 ± 6
36 ± 8
36 ± 10
57 ± 12
50 ± 5
48 ± 6
130 ± 50

COD removal
(%)
94.0 ± 1.0
94.8 ± 0.6
96.2 ± 0.8
96.0 ± 1.0
94.0 ± 1.2
94.9 ± 0.6
94.9 ± 0.6
86.7 ± 5.2

Effluent NH4-N
(mg/L)
127 ± 11
9±6
0.05 ± 0.05
0.008 ± 0.006
170 ± 10
8±4
0.3 ± 0.3
0.2 ± 0.1

3

EPS production

The COD/N ratio had a noticeable effect on the sludge viscosity in both the FW- and Sal-MBRs. The
sludge viscosity increased at COD/N 60 and 100, especially the FW-MBR sludge, which was slimy
and sticky (Figs. 1A and 1B). The associated decrease of S-EPS viscosity with shear rate (Fig. 1C)
reveals its non-Newtonian pseudoplastic fluid behavior, a property usually found in
exopolysaccharides [17]. This pseudoplastic behaviour was more evident with FW-EPS than with
Sal-EPS. Furthermore, the sludge viscosity is proportional to the S-EPS concentration and can,
therefore, be used as a quick tool to monitor S-EPS production in bioreactors (Fig. 1D).
The EPS concentrations, particularly those of the S-EPS, generally increased with increasing COD/N
ratio (Fig. 2). At COD/N 100, the total EPS (soluble and bound) concentration was 2.32 g/L for the
FW-MBR and 1.86 g/L for the Sal-MBR, from which the soluble fractions accounted for 77% and
67%, respectively. The highest concentration of B-EPS was observed at COD/N 60, with values of
0.58 g/L (FW) and 0.98 g/L (Sal) (Figs. 2B and 2D).
A notable observation is the distribution of soluble and bound EPS (Figs. 2A and B, 2C and D). The
contribution of S-EPS to the total EPS (soluble and bound) was significantly higher in FW-EPS (62 –
77 %) than in Sal-EPS (36 – 45 %, but 67% at COD/N 100). Considering the S-EPS are likely shearedoff products of cell-bound EPS [18], this implies that EPS produced under saline conditions are more
strongly attached to the microbial cells/flocs than FW-EPS, possibly due to the function of EPS to
protect against salt stress [19].
The amount of influent COD recovered as EPS-COD (equation 1) is also shown in Fig. 2. A relatively
low amount of total EPS (soluble and bound) could be recovered (˂ 8%) under nitrogen-rich
conditions (COD/N 5 and 20). However, a huge increase in EPS recovery was observed when the
COD/N ratio increased from 20 to 60, with respective recoveries of 5 to 27 % for the FW-EPS, and
7 to 28 % for the Sal-EPS. At COD/N 100, the highest recoveries were obtained with a total of 54%
under freshwater condition (S-EPS 47%, B-EPS 7%), and 36% under saline condition (S-EPS 25%, BEPS 11%). These high recoveries clearly demonstrate the key role of nitrogen limitation in EPS
production.
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Fig 1. (A, B) – Viscous sludge produced from freshwater-MBR at COD/N ratio 60 (A) and 100 (B). (C) – SolubleEPS viscosity as a function of shear rate at room temperature (21 oC). (D) – Soluble-EPS concentration versus
viscosity at a shear rate of 12.2 s-1. The viscosity of the influent was obtained at a shear rate of 244.8 s-1. Sal
S-EPS: saline soluble-EPS, FW S-EPS: freshwater soluble-EPS.

Microbial EPS synthesis can be considered a secondary metabolism that is uncoupled from growth.
Russell [20] defined this as ‘energy spillage’ – non-growth dissipation of excess energy by
microorganisms. This excess energy under nitrogen-limited condition is converted to extracellular
polymers, especially polysaccharides (which do not contain the growth-limiting nutrient) [21],
possibly as a means to store carbon under unbalanced carbon to nitrogen ratios [22]. The COD mass
balance in Fig. S1 demonstrates that at high COD/N ratios, EPS production is favoured over biomass
growth and vice versa at low COD/N ratios.
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Fig. 2. EPS production at different COD/N ratios. (A) FW S-EPS: freshwater soluble-EPS, (B) FW B-EPS:
freshwater bound-EPS, (C) Sal S-EPS: saline soluble-EPS, and (D) Sal B-EPS: saline bound-EPS.

Aside from nitrogen limitation as a strategy to increase EPS yield, the carbon/energy source also
plays a crucial role in EPS biosynthesis. Studies using pure cultures fed with a mixture of glycerol and
ethanol/methanol reported higher EPS production and yields compared to single sources such as
glucose, sucrose and soluble starch [5]. Moreover, fortification of bacterial growth medium with
glycerol (in the presence of ethanol or methanol) was demonstrated to increase EPS yield [23], and
in some cases, more than two-fold [24]. Yields (g EPS/g substrate COD) as high as 51.2 and 57.4 %
have been reported by Buthelezi et al. [25] and Nouha et al. [23] respectively from Klebsiella
terrigena and Cloacibacterium normanense using substrates of glycerol and ethanol mixture in
batch cultures. Our study also demonstrates the possibility of very high EPS recoveries from a
glycerol/ethanol mixture (54% from fresh wastewater and 36% from saline wastewater), though
with mixed cultures (see S2 and Table S1, supplementary information) and in a continuous
wastewater treatment process. One possible explanation for the high EPS yield is that glycerol has
a shorter pathway towards EPS synthesis compared to most sugar substrates [21]. Another reason
may be the combined effects of energy non-equivalent substrates [26,27]. According to this
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bioenergetic concept, all growth substrates are either energy excessive or deficient based on the
amount of ATP and reducing equivalents formed in the synthesis of phosphoglyceric acid – the key
precursor for the synthesis of all cell components. On this basis, glycerol, glucose, and sucrose are
energy-deficient substrates, while ethanol and methanol are energy-excessive substrates that can
be used as auxiliary substrates [26]. Although the underlying metabolic mechanism is yet to be
understood, a combination of these two substrate classes (the former utilized for carbon conversion
and the latter as an energy source) at the optimum ratio has been reported to increase carbon
conversion efficiencies towards the production of secondary metabolites such as EPS [24,27].
Further studies using different energy non-equivalent substrate mixtures in a continuous system
would be justified as this would give insights into the combination of industrial wastewater types
needed as best substrates for EPS production.
3.3.

EPS properties

3.3.1. Composition
In general, the total polysaccharide (PS) content of the produced EPS increased with increasing
COD/N ratios (Fig. 3). In the FW-MBR, the trend of increasing PS content was observed from COD/N
5 to 60 (21.7 - 70.4 wt% for the S-EPS, and 14.0 - 60.7 wt% for the B-EPS). At COD/N 100, the values
decreased to 41.8 and 47.8 wt% for the S-EPS and B-EPS, respectively. In the Sal-MBR, the PS
content increased steadily from COD/N 5 to 60/100 (17.6 - 61.2 wt% for the Sal S-EPS, and from
13.8 - 49.8 wt% for the Sal B-EPS). In contrast to the PS content, the nitrogen (PN) content
decreased or remained rather constant with increasing COD/N ratio, revealing that the
carbohydrate fraction was the main EPS component under nitrogen-limited conditions.
It should be noted that, with the colorimetric assays, no distinction could be made between free or
bound proteins such as glycoproteins. To further investigate the presence of glycoproteins in the
produced EPS, SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis – see
supplementary information) of EPS produced at COD/N 100 was carried out. Fig. S3 reveals that
the protein fraction of the produced EPS is bonded with carbohydrates to form neutral and acidic
glycoproteins in both the FW- and Sal-EPS fractions.
3.3.2. Molecular weight
Molecular weight (MW) is an important property of EPS if they are to be applied as flocculants. The
longer the polymeric chain, the better they can extend into solution (if the chain has a hydrophilic
property) to aggregate particles. EPS extracted from COD/N 20 (nitrogen-rich) and 100 (nitrogenlimited) were selected for MW determination. Typical size exclusion chromatograms are shown in
Fig. S4, and Table 3 presents the average MW of the EPS biopolymer fractions. The EPS fractions
showed two biopolymer chromatographic peaks – one with high (˃ 1000 kDa) or medium (1000 1
̴ 00 kDa) MW, and the other with low (˂ 100 kDa) MW, except for the FW-EPS at COD/N 20 where
only one peak was detected.
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Fig. 3. Total proteins (PN) and polysaccharides (PS) content of EPS fractions from COD/N ratios 5, 20, 60,
and 100.

Higher molecular weight EPS were produced under nitrogen-limited conditions compared to EPS
from nitrogen-rich sources. This is more evident for the saline EPS, where the polysaccharide
fractions at COD/N 100 are much higher than the polysaccharide fractions at COD/N 20 (Figs. 3C
and 3D). This demonstrates that nitrogen limitation not only stimulates microorganisms to excrete
large quantity of EPS, it also builds longer chain biopolymers compared to the nitrogen-rich
counterparts. Another observation is that the soluble and bound fractions under the different
conditions had similar molecular weights (except for saline EPS from COD/N 20), suggesting, as was
mentioned earlier, that S-EPS were sheared-off products of cell-bound EPS. However, as will be
explained below, their charge densities do show differences.
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Table 3. Average molecular weights (MW) of the EPS biopolymer fraction.
EPS fraction
Freshwater soluble-EPS
Freshwater bound-EPS
Saline soluble-EPS
Saline bound-EPS

MW at COD/N 20
1.7 MDa
1.6 MDa
202.3 kDa, 22.5 kDa
98.4 kDa, 39.6 kDa

MW at COD/N 100
1.9 MDa, 24.5 kDa
2.1 MDa, 24.6 kDa
1.0 MDa, 22.7 kDa
1.0 MDa, 22.7 kDa

Table 4. Anionic charge density of EPS (meq/g EPS) extracted from COD/N 20 and 100 reactors.
COD/N

pH

20

5
7
5
7

100

Freshwater EPS
Soluble
Bound
2.14 ± 0.13
1.94 ± 0.01
3.50 ± 0.10
3.02 ± 0.01
2.25 ± 0.18
2.72 ± 0.13
3.25 ± 0.07
3.48 ± 0.01

Saline water EPS
Soluble
Bound
3.11 ± 0.02
1.60 ± 0.16
4.68 ± 0.05
2.69 ± 0.12
1.96 ± 0.16
1.40 ± 0.01
3.06 ± 0.22
2.25 ± 0.00

3.3.3. Charge density
In addition to molecular weight, charge density is another crucial property for flocculation. The
charge density of EPS is due to the presence of carboxyl and amino groups as indicated in the FTIR
spectra in Fig. S5 (supplementary information). Table 4 shows the anionic charge density of EPS
extracted at COD/N 20 and 100 at the initial pH of the sample solution (5) and neutral pH (7).
As expected, the charge density at an elevated pH (pH 7) was higher because of the functional
groups in a largely deprotonated form, i.e. ̶ COO- and ̶ NH2, compared to ̶ COOH and ̶ NH3+. These
values can even go as high as 5 - 6 meq/g at higher pH values, such as 10 [8]. At both studied pH
values, charge densities of the S-EPS were higher than those of the corresponding B-EPS (except
for the FW-EPS at COD/N 100), likely due to the higher polysaccharide content in the soluble
fractions compared to the bound fractions (Fig. 3). In the case of the FW-EPS produced at COD/N
100, where a higher polysaccharide content was in the B-EPS than in the S-EPS (Fig. 3A and 3B), the
charge density was also higher in the B-EPS than in the S-EPS. These findings imply that
polysaccharides (with functional groups ̶ OH and ̶ COO-) give a higher contribution to the anionic
charge density than proteins (with functional groups ̶ NH2 and ̶ COO-), which is consistent with the
results of Durmaz and Sanin [9].
3.4.

EPS flocculation performance

Flocculation tests were focused on the EPS produced at COD/N 20 and 100 to mimic EPS from
excess and limited nitrogen regimes, respectively. First, the flocculation performances of the EPS
fractions on non-saline kaolin suspension were tested, with the addition of 100 mg/L Ca2+ to
facilitate bridging between the anionic particles and EPS (Fig. 4). The maximum flocculation
efficiencies that were obtained varied between 81 and 91 %, with no significant difference between
the performances of FW-EPS and Sal-EPS at COD/N 100. The maximum efficiency (91%) and
optimum dosage (0.2 mg/g) are comparable to that of a commercial synthetic flocculant (anionic
polyacrylamide – 93% efficiency at 0.1 mg/g) operated under similar flocculation conditions [8].
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The three best dosages (0.1, 0.2 and 0.5 mg/g) were also utilized to flocculate saline kaolin
suspension (30 g/L NaCl) without Ca2+ addition. A similar flocculation performance pattern was
also observed like in Fig. 4 (see supplementary information, Fig. S6), with maximum flocculation
efficiencies between 87 and 92 %. However, under the saline conditions, Sal-EPS consistently gave
a better performance (by 6 - 13 %) than the corresponding EPS produced under freshwater
conditions. Although this cannot be directly related to observed differences in EPS properties such
as composition, molecular weight and charge, the implication may be that, for flocculation in
saline environments, it is more attractive to use EPS that were produced from saline wastewater.
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Fig. 4. Non-saline kaolin clay flocculation using EPS from COD/N ratio 20 and 100, with the addition of 100
mg Ca2+/L. (A) FW S-EPS: freshwater soluble-EPS, (B) FW B-EPS: freshwater bound-EPS, (C) Sal S-EPS: saline
soluble-EPS, and (D) Sal B-EPS: saline bound-EPS.
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Overall, three flocculation patterns were seen in the non-saline and saline kaolin experiments.
First, the general trend was an increase in flocculation efficiency with increasing EPS concentration
in the range of 0.1 – 0.2/0.5 mg/g kaolin, but reduced efficiency at higher concentrations (Fig. 4 and
S6). A similar pattern has also been reported with synthetic anionic flocculants and in sludge
bioflocculation with EPS [28–30]. This effect is known to be caused by restabilisation of the clay
particles at concentrations above the optimum [31]. Secondly, FW and Sal EPS produced from
COD/N 100 generally showed better flocculation performances than corresponding EPS from
COD/N 20. This is likely due to the higher MW biopolymers in EPS produced under nitrogen-limited
conditions (Table 3). It is well established that a higher MW and longer polymer chain facilitates
the formation of adsorbed ‘loops’ and ‘tails’ that can extend into the solution, thereby enhancing
the ability to attach to other clay particles [4]. The third trend is that S-EPS generally had higher
maximum flocculation efficiencies than the corresponding B-EPS, which is consistent with the
findings of Bala Subramanian et al. [32] and Nouha et al. [33]. From our study, this is possibly
related to the higher charge densities of S-EPS compared to the corresponding B-EPS (except for
freshwater EPS of COD/N 100 – Table 4), since both fractions have similar MWs. A higher charge
density implies more repulsion between charged segments and a wider expansion of the polymer
chain into the solution, increasing the ability to adsorb and bridge between particles [4].
3.5.

Practical implications and outlook

The advantage of such mixed EPS (mixed composition and MW) over single-type EPS and single
synthetic flocculants could be their resilience and robustness under practical conditions such as
different particle type, size, and concentration. However, further research is needed to substantiate
this hypothesis.
The use of non-synthetic glycerol/ethanol-rich wastewater is also expected to afford high EPS yield
if influent nitrogen is limited. However, the impact of this non-synthetic wastewater on the
produced EPS properties and flocculation acitvity, though not expected to differ much from the
findings of this study, still needs to be investigated. Also, additional studies should be carried out
on (non-synthetic) wastewater mixtures of varying compositions and how these may affect the
reproducibility of the produced EPS. Finally, while EPS production from wastewater may have the
additional advantage of much lower oxygen demand, the consequent membrane fouling due to a
higher sludge viscosity is a challenge that still needs to be addressed.
4.

Conclusions

•

It is possible to continuously treat glycerol/ethanol-rich wastewater while simultaneously
producing, with a mixed microbial population, large amounts of extracellular polymers that
can be utilised as bioflocculants.

•

Under nitrogen-limited (COD/N 100) and freshwater conditions, up to 54% of the
wastewater-COD could be recovered as EPS.

•

Under saline conditions, EPS recovery was as high as 36%.
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•

High flocculation efficiencies were obtained, which can be explained by the relatively high
molecular weight (up to 2.1 MDa) and medium charge densities (2-5 meq/g) of the
flocculants.

•

In the flocculation tests under saline conditions, polymers that were produced under saline
conditions gave a consistently higher (6 - 13 %) flocculation performance than polymers
produced under freshwater conditions.
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Supporting information of Chapter 3
COD/N 20

COD/N 5
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Fig. S1. COD distribution as a fraction of influent COD in the freshwater and saline membrane bioreactors
(MBRs). Mineralisation was estimated as the closure of the mass-balance. WAS biomass was also calculated
as the difference between the total WAS-COD and EPS-COD. WAS: Waste activated sludge.

66

66

Valorisation of glycerol/ethanol-rich wastewater to bioflocculants

S2.

Microbial community analysis under nitrogen-limited condition

Fresh mixed liquor samples were collected from the MBRs when operated at COD/N 60 after 20
days of operation. Samples were stored at -20 °C for further DNA extraction. DNA was extracted
using the PowerSoil isolation kit (Mo Bio Laboratories, USA), according to the manufacturer
instructions. The extracted DNA was concentrated through a speed vacuum step and then
quantified via Qbit assay (Themofisher Scientific, Germany). Universal primers based on the V3-V4
hypervariable region of prokaryotic 16S rDNA [34] were applied for the simultaneous detection of
Bacteria and Archaea in the reactor samples. The 16S rRNA gene PCR amplification was carried out
following the protocol of Takahashi et al., (2014). Illumina sequencing and computational analysis
of the 16S PCR products are fully described in the supplementary information. The taxonomic
assignment for OTUs identified through NGS analysis are reported in Table S1 A and B. The
sequences reported in this paper have been deposited in the European Nucleotide Archive (ENA)
database (http://www.ebi.ac.uk/ena/) under accession numbers ERR2851470 and ERR2851471.
Illumina Sequencing and Computational analysis of 16S rRNA gene amplicons
The sequencing of the 16S PCR products was conducted using the Illumina MiSeq sequencing
system. The sequences generated from the Illumina Miseq analysis of the 16S rRNA gene amplicons
were processed (i.e., filtered, clustered, and taxonomically assigned and aligned) using the
Quantitative Insights Into Microbial Ecology (QIIME) pipeline version 1.9.1 [35]. The process
consisted of quality checking, denoising, and microbial diversity analysis. The primer sequences
were removed from the raw 16S sequences readings and then placed in a single fasta file using the
add_qiime_labels.py
script.
OTU
picking
was
performed
with
the
script
pick_open_reference_otus.py using the SILVA version 128 16S reference database [36] and the
clustering method UCLUST [37]. The RDP classifier (version 2.2) [38] was used to classify the OTUs
based on the same SILVA database. The QIIME script core_diversity_analyses.py was used to
calculate alpha- and beta-diversity statistics of the samples.
The taxonomic assignment for OTUs identified through NGS analysis are reported in Table S1 A and
B. Data has been uploaded to the ENA database under accession numbers ERR2851470 and
ERR2851471 for the FW-MBR and the Sal-MBR, respectively.
Microbial diversity
The relative abundance of each microbial component within the microbial community found by NGS
analysis was utilised to calculate the biodiversity of the mixed microbial communities using
Shannon–Weaver index of diversity (H') and Pielou’s evenness index.
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A

Affiliation
Acidovorax
Uncultured Sphingobacteriales
Bdellovibrio
Flavobacterium
Sediminibacterium
Rhodobacter
Hydrogenophaga
Uncultured Verrucomicrobiaceae
Acinetobacter
Others
Citrobacter
Cloacibacterium
Verrucomicrobium
Uncultured Saccharibacteria
Aeromonas
Brevundimonas
Comamonas
Rhizobium
Pseudomonas
Prosthecobacter
Macellibacteroides
Uncultured Sphingobacterium sp.
Acetoanaerobium
Pedobacter
Legionella
Simplicispira
Chryseobacterium
Luteolibacter
Uncultured Chlorobiales
Runella

FW-MBR
OTU %
15.4
13.7
10.1
8.7
4.7
4.6
3.9
2.9
2
1.9
1.6
1.5
1.4
2.8
1.4
1.3
1.3
1.1
1.1
0.9
0.9
0.9
0.8
0.8
0.7
0.6
0.5
0.5
0.5
0.5

B

Affiliation
Halomonas
Uncultured Cryomorphaceae
Defluviimonas
Bacteroidetes Incertae Sedis
Hoeflea
Vibrio
Verrucomicrobiales
Uncultured Hyphomonadaceae
Marinobacterium
Uncultured Cytophagaceae
Sulfitobacter
Balneola
Others
Idiomarina
Psychrilyobacter
Roseovarius
SR1 (Absconditabacteria)
Uncultured Legionellaceae
Fusibacter
Sunxiuqinia
Cyclobacterium
Methyloversatilis
Uncultured Sphingobacteriales
Rhodobacteraceae
Bdellovibrio
Labrenzia

Sal-MBR
OTU %
43.2
7.5
4.4
4.3
3.2
2.9
3.2
2.7
2
1.8
1.5
1.5
1.5
1.2
1.2
1
1
0.9
0.9
0.9
0.7
0.6
0.5
0.5
0.5
0.5

C

H'
E

Microbial diversity
FW-MBR
Sal-MBR
2.32
1.72
0.68
0.53
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Tables S1. In (A) and (B), taxonomic assignment for OTUs identified through NGS analysis in the aerobic FW- and Sal-MBR operated at COD/N 60. For each OTU, the
maximum affiliation level (from phylum to genus) is reported. In C, Shannon–Weaver (H’) and Pielou’s evenness index (E) values calculated for the two different
microbial populations.
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S3.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis

The isolated proteins from EPS were further analyzed using sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). Coomassie blue, periodic-acid Schiff (PAS), and Alcian blue staining
were applied to detect total proteins, neutral, and acidic glycoproteins, respectively. For sample
preparation, the proteins were precipitated using trichloroacetic acid (30%, w/v) and washed with
cold acetone three times. After centrifugation (12,000 g for 30 min), the pellet containing proteins
were dissolved in Laemmli sample buffer (Bio-Rad) containing 355 mM of 2-merchaptoethanol to
reach a concentration of 1 mg/mL. The samples were then heated at 70 °C for 10 min, and about
15 µL was loaded to a Mini-PROTEAN® TGX™ precast gel (4 – 20 %, 15 wells, Bio-Rad). As a marker,
a 10-250 kDa protein ladder of Bio-Rad Precision Plus Protein Dual Colour Standards was applied
on the gel. Using a Mini Protean Tetra Cell (Bio-Rad) with 1× Tris-glycine-SDS running buffer (BioRad), electrophoresis was carried out at initially 75 volts for 15 min and subsequently at 150 volts
for 45 min. The gel was stained using the following procedures.
Coomassie blue staining
Prior staining, fixation step was carried out to limit the diffusion of proteins from the gel matrix.
The gels were immersed in 45% methanol (v/v) and 10% acetic acid (v/v) for 10 min. The step was
repeated once to ensure that the SDS was fully removed from the gel. Next, gels were washed
twice with 3% acetic acid (v/v) for 10 min each and stained with 0.25% w/v Coomassie blue (Brilliant
Blue R-250, Sigma Aldrich) in fixative solution for 1 h. Subsequently, gels were de-stained in 20%
ethanol (v/v) and 10% acetic acid (v/v) overnight. All staining steps were done under gentle
agitation and at room temperature.
Periodic-acid Schiff (PAS) staining
The PAS staining was done using Pro-Q® Emerald 300 Glycoprotein Gel and Blot Stain Kit from Life
Technologies. The staining steps were conducted according to the protocol of the manufacturer
[39].
Alcian blue staining
For the Alcian blue staining, the gel was stained with 0.125% Alcian blue (w/v) in 25% ethanol (v/v)
and 10% acetic acid (v/v) for a minimum of 2 h. The fixation, washing and de-staining steps were
the same as those of Coomassie blue staining.
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Fig. S3. SDS-PAGE of EPS produced at COD/N 100, stained with Coomassie blue (to visualize total protein),
periodic acid-Schiff (PAS – to visualize neutral glycoprotein), and Alcian blue (to visualize acidic
glycoprotein). Line A and B: respective proteins in S-EPS and B-EPS produced from freshwater. Line C and D:
respective proteins in S-EPS and B-EPS produced from saline wastewater.
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3

Fig. S4. LC-OCD (based on size exclusion) chromatograms. (A) with a single biopolymer peak as found in FW
S-EPS and FW B-EPS of COD/N 20, (B) with bimodal biopolymer peaks as found in the other EPS fractions in
Table 3. Black line is the organic carbon detector signal; green line is the organic nitrogen detector signal.
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Fig. S5 (A). Fourier transform infrared (FTIR) spectra of EPS produced from COD/N ratios 20, 60 and 100. FW
S-EPS: freshwater soluble-EPS, FW B-EPS: freshwater bound-EPS, Sal S-EPS: saline soluble-EPS, and Sal BEPS: saline bound-EPS.
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S5 (B). FTIR spectra interpretation.
Wavelength (cm-1)

Functional group

3300, 3270

O–H and N–H stretching vibrations of polysaccharide and protein, respectively

2920

C–H stretching vibration

1635

C=O stretching vibration of protein amide I band

1538

C–N stretching vibration and out-of-phase N–H bending of protein amide II band

1430, 1410

In-phase N–H bending of protein amide III band

1370

C=O symmetric stretching of –COO- groups

1250, 1230

C–O stretching of ether or alcohol

1030

C–O–C asymmetric stretching of ester linkage of polysaccharides

Flocculation efficiency (%)

80

60

40

100
Flocculation efficiency (%)

100

A. Saline kaolin: FW S-EPS

0.0

0.2

0.4

0.6

0.8

80

60

40

0.0

0.1

0.2
0.3
0.4
mg EPS/g kaolin
COD/N 20

COD/N 100

60

100

C. Saline kaolin: Sal S-EPS

0.5

B. Saline kaolin: FW B-EPS

80

40

1.0

Flocculation efficiency (%)

Flocculation efficiency (%)

100

3

0.0

0.2

0.4

0.6

0.8

1.0

D. Saline kaolin: Sal B-EPS

80

60

40

0.0

0.1

0.2
0.3
0.4
mg EPS/g kaolin

COD/N 20

0.5

COD/N 100

S6. Saline kaolin clay flocculation using EPS from COD/N ratio 20 and 100, with no addition of divalent
cations. A) FW S-EPS: freshwater soluble-EPS, B) FW B-EPS: freshwater bound-EPS, C) Sal S-EPS: saline
soluble-EPS, and D) Sal B-EPS: saline bound-EPS.
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Abstract
Microorganisms that degrade organics in (waste)water also excrete biopolymers referred to as
extracellular polymeric substances (EPS). New uses are increasingly found for such EPS in various
industries. In this study, we showed how single substrates (glycerol, glucose, acetate, ethanol) and
mixtures of two substrates non-equivalent in terms of bioenergetics, influenced mixed-cultured EPS
recovery and characteristics. EPS were produced and harvested from membrane bioreactors
treating nitrogen-limited (COD/N ratio 100) synthetic wastewater containing the aforementioned
substrates. The reactors showed high COD removal and the ratios between the biomass-COD, EPSCOD, and oxidised COD fractions depended on the utilised substrate and the microbial community
developed per substrate. Overall, the glycerol-based substrates resulted in the highest EPS
recoveries (28 - 45 % of influent-COD recovered as EPS-COD), followed by the glucose-based
substrates (25 - 30 %), while the reactors fed with sole ethanol (11%) and acetate/ethanol showed
the lowest EPS yields (3 - 11 %). With substrates of acetate and acetate/ethanol mixture, the
formation of polyhydroxyalkanoates were observed, which likely decreased EPS production.
Although the addition of ethanol as an auxiliary substrate to acetate increased EPS recovery from
3% (sole acetate) to 11% (acetate/ethanol ratio 1:1), reduced EPS recoveries were obtained when
ethanol was added to glycerol and glucose substrates. Surprisingly, a higher EPS recovery (69%)
was obtained when a mixture of acetate and ethanol was fed to the microbial community already
producing high EPS yield from glycerol-based substrates. Microbial community analysis via Next
Generation Sequencing (NGS) of 16S rRNA gene revealed the growth of different and diverse
communities of EPS-producing bacteria (mostly at the genus level) per reactor, as well as possible
EPS-degraders. Furthermore, this study shows the possibility to employ different substrates to
modulate basic EPS properties (namely monosaccharide composition, molecular weight and charge
density), which is interesting for certain EPS applications such as for particle flocculation, heavy
metal adsorption and as additives in the food industry.

80

80

Microbial extracellular polymer production from various substrates mimicking industrial wastewaters

1.

Introduction

Microorganisms responsible for the biological degradation of organics in wastewater excrete
biopolymers, generally referred to as extracellular polymeric substances (EPS). EPS have received
increasing attention for water and wastewater treatment applications such as particle flocculation
[1,2], heavy metal adsorption [3,4], toxic organic chemical removal [1] and dye decolourisation [1].
This is due to their interesting properties, namely biodegradability, non-toxicity, amphiphilicity, high
molecular weight, and cation binding capacity (because of their net anionic charge). However, these
properties (specifically amphiphilicity, molecular weight and surface charge) and EPS yield depend
on several factors such as the carbon source and carbon/nitrogen ratio of the feed [1,5], the
reactor’s redox condition (aerobic or anaerobic) [6], solids retention time (SRT) [7], and the
microbial community which is determined by the aforementioned factors [8]. In relation to the
reactor condition, aerobic systems have been reported to favour EPS production compared to
anaerobic systems [1,9,10], probably due to a higher energy gain in the presence of oxygen; hence,
more energy is available for microbial EPS synthesis.
Recently, we reported the effect of carbon/nitrogen ratio on the EPS produced from
glycerol/ethanol-rich wastewater [5]. Nitrogen limitation (at a chemical oxygen demand
(COD)/nitrogen ratio of 100) coupled with a relatively short SRT (3 days) were crucial for high EPS
recovery (up to 54% influent-COD recovered as EPS-COD), and at the same time, excellent COD
removal was achieved. At a relatively short SRT, wastewater-COD mineralisation is minimised and
under nitrogen-limited conditions, excess energy is converted to extracellular polymers, especially
polysaccharides (which do not contain the growth-limiting nutrient – in this case, nitrogen) [11],
possibly as a means to store carbon under unbalanced carbon/nitrogen ratios [12].
Aside from nitrogen limitation, the types of carbon substrate (and wastewater generally consist of
mixtures of substrates) also have a major influence on microbial EPS synthesis [11,13]. Babel and
Muller [13] proposed the theory of energy non-equivalent substrates and classified all cellular
growth substrates as either energy excessive or deficient based on the amount of ATP and reducing
equivalents formed in the synthesis of phosphoglyceric acid – the key precursor for the synthesis of
all cellular components. The combination of both substrate types was reported to enhance both
microbial biomass and EPS production [14]. Since this theory seems to hold for bacterial strains that
produce EPS [14], this principle was used in the present study to select substrate mixtures for EPS
production from mixed cultures.
Based on the approach of producing EPS from wastewater, a proposed advantage is the use of mixed
cultures, which do not require sterile conditions, unlike pure cultures. From a wastewater resource
recovery point of view, it is important to study the wastewater types that can be valorised to EPS,
how different wastewater types can be combined to intensify microbial EPS production, and the
properties of EPS that may be specific to certain wastewater types (substrate mixtures). These could
provide insights on the suitable wastewater types that give a high EPS yield and how to tailor EPS
production for a specific application or a range of applications (based on the produced EPS
characteristics) using a given substrate. For instance, wastewater rich in a substrate that leads to
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the production of high molecular weight (> 1 MDa) EPS may be more interesting for the flocculant
industry [15] and one that produces uronic acid-rich EPS may be more attractive as additives
(emulsifiers or thickeners) for the food industry [16] or for adsorbing heavy metals [4]. In this study,
glycerol, glucose, acetate and ethanol were selected as carbon sources for the microorganisms in
four membrane bioreactors (MBRs), to mimic respective wastewaters from the biodiesel industry
[17], soda/sugar beet industry, pulp and paper industry [18], and liquor industry. The reactors were
operated starting from the same inoculum, and the EPS production and composition were
monitored after each substrate-fed operation. The associated microbial communities that
developed in time were analysed by means of Next Generation Sequencing (NGS) of 16S rRNA gene.
This study was aimed to: 1) provide insights on the suitable wastewater types to obtain high EPS
recovery, 2) verify if the addition of an auxiliary energy-excessive substrate (ethanol) to energydeficient substrates (glycerol, glucose and acetate) [13] would increase EPS recovery in a mixed
culture reactor, 3) examine the characteristics (composition, molecular weight, charge density) of
the various types of EPS formed from different wastewater substrates, and 4) investigate the
microbial communities that developed from each substrate (mixture) at the genus level.
2.

Materials and methods

2.1.

Reactor operation, wastewater composition and chemical analysis

Four submerged MBRs (3.3 L effective volume per reactor) were operated in parallel, each treating
synthetic wastewaters composed of different carbon sources (Table 1). MBRs were employed to
retain and concentrate the produced EPS. Each reactor comprised a PVDF flat sheet membrane
(membrane cartridge type 203, Kubota, Japan) with a nominal pore size of 0.2 µm [2]. The reactors
were operated at a room temperature of 20 ± 1 °C, a pH of 7.5 ± 0.3, a dissolved oxygen
concentration of 3 ± 1 mg O2/L, and an SRT of 2 days. Level controllers were used to control the
influent flow and the working volume of each reactor due to the periodic fouling of the membrane,
which influenced the hydraulic retention time, HRT (HRT varied between 5.7 and 7.9 h – Table 1).
The reactors (R1, R2, R3 and R4 – Table 1) were inoculated with aerobic sludge from a municipal
wastewater treatment plant (WWTP) located in Leeuwarden, Netherlands. There was no reinoculation when feeds were changed in each reactor.
The reactors were operated under a nitrogen-limited condition (COD/N ratio 100 ± 10, calculated
based on g COD/g total nitrogen) since this condition has been reported to enhance EPS yield [5,11].
The influent COD was 600 ± 25 mg/L, mainly provided from the carbon sources listed in Table 1.
The main nitrogen source was NH4Cl (18.1 ± 1.0 mg/L) and yeast extract (12 mg/L) contributed
10.5% of the total nitrogen content. The nutrient medium composition per litre of tap water
comprised 203 mg MgCl2∙6H2O, 147 mg CaCl2∙2H2O, 15 mg K2HPO4, 25 mg KH2PO4 (COD/P ratio 70
± 2), and 2 mL trace elements solution (the composition of trace elements has been reported by
Ajao et al. [2]). The COD of the nutrient medium was considered in the influent COD. COD, total
nitrogen and NH4-N concentrations of the wastewater and reactor effluents were determined using
Hach Lange test kits (LCK, Hach Lange, UK).
The COD mass balance was calculated based on the fraction of the influent COD that ended up in
the reactor effluent and waste sludge, while the oxidised COD was estimated as the closure of the
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mass balance. The COD of the waste sludge was further fractionated into EPS-COD and biomassCOD (Biomass-COD = COD of waste sludge - EPS-COD).
2.2.

EPS extraction

The reactors were operated for a period of at least three times the SRT [7], after which EPS were
extracted from 1000 mL of sludge. The soluble EPS (S-EPS) were harvested by centrifugation and
the bound EPS (B-EPS) were extracted with a cation exchange resin – the detailed extraction
protocol has been described elsewhere [5]. Extracted EPS were dialysed and freeze-dried to obtain
dry solids. Dried EPS were weighed and measured for COD content using the Hach Lange test kits.
EPS recovery was based on the influent COD using the equation:
𝑄𝑄𝑤𝑤𝑤𝑤𝑤𝑤 ∗𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸

𝐸𝐸𝐸𝐸𝐸𝐸 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%) = 𝑄𝑄

𝑖𝑖𝑖𝑖𝑖𝑖 ∗𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖

∗ 𝐶𝐶𝐶𝐶𝐶𝐶(𝐸𝐸𝐸𝐸𝐸𝐸)

(1)

where Qwas and Qinf are the flow rates (L/d) of the waste sludge and influent feed respectively, CEPS
is the harvested EPS concentration (g/L sludge), CODinf is the influent COD (g/L), and COD(EPS) is the
COD of extracted EPS (g COD/g EPS).
Table 1. Feed type, concentration and hydraulic retention time (HRT) of each reactor.
Reactor

Carbon source(s)

Concentration of carbon source (mg/L)

HRT (h)

394.7 / 57.6

7.9

Glycerol/ethanol (1:1)a

246.7 / 144.0

5.7

Glycerol

493.4

6.5

Acetate/ethanol (4:1)a

1020.6 b/ 57.6

5.8

Acetate

1276.6 b

6.1

Reactor 2 (R2) Acetate

1276.6 b

6.5

Acetate/ethanol (4:1)a

1020.6 b/ 57.6

5.7

Acetate/ethanol (1:1)

384.6 / 144.0

5.8

563.0

6.5

281.5 / 144.0

7.1

287.9

5.8

Reactor 1 (R1) Glycerol/ethanol (4:1)a

a

Reactor 3 (R3) Glucose
Glucose/ethanol (1:1)a
Reactor 4 (R4) Ethanol
a
b

b

Ratio based on g COD carbon source 1: g COD carbon source 2.
Mass of acetate reported as Na acetate.
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2.3.

EPS characterisation

2.3.1.

Protein quantification

The total protein content of the dried EPS was determined in triplicates using a bicinchoninic acid
(BCA) assay kit (Thermo Scientific, USA). The assay was performed in a microplate, where 25 µL of
EPS solution (dissolved in a phosphate buffer saline, pH 7.4 [2]) or bovine serum albumin, BSA (used
as a standard protein) was mixed with 200 μL of BCA working reagent and incubated at 37 °C for
30 min. Afterward, the absorbance was measured at 570 nm using a spectrophotometer (Victor3
1420 Multilabel Counter, Perkin Elmer, USA). Protein concentration values are given as BSA
equivalent units.
2.3.2.

EPS sugar composition and quantification

Previous studies under the same nitrogen-limited condition reveal polysaccharides as the main
biopolymer [4,5]. Hence, it was important to further analyse the polysaccharide composition of both
the soluble and bound EPS fractions.
Neutral sugar composition was determined in duplicates according to Englyst and Cummings [19].
Briefly, after a pre-hydrolysis with 72% (w/w) H2SO4 for 1 h at 30 oC, the dried samples were
hydrolysed with 1 M H2SO4 at 100 oC for 3 h. The monosaccharides were derivatised to their alditol
acetates and analysed by gas chromatography (Focus-GC, Thermo Scientific, Waltham, MA, USA).
Inositol was used as the internal standard [20] and the monosaccharide standards used for
comparison were composed of L-rhamnose monohydrate, L-fucose, D-arabinose, D-xylose, Dmannose, D-galactose and D-glucose.
After the hydrolysis step, the uronic acid content was determined in duplicates according to the
automated colorimetric m-hydroxydiphenyl assay [21] using an auto-analyser (Skalar Analytical B.V.,
Breda, Netherlands). Galacturonic acid was used for calibration [20].
2.3.3.

Molecular weight determination

EPS solution was first passed through a 0.45 µm hydrophilic polytetrafluoroethylene filter
(purchased from Merck, Netherlands) before molecular weight determination using liquid
chromatography-organic carbon detection (LC-OCD – model 8, DOC-LABOR, Germany), which has
been described elsewhere [5].
2.4.

Microbial community analysis

Sludge samples were taken from each reactor at the end of each feeding phase and stored at -20 °C
until DNA extraction. Before the procedure, ~ 25 mL sludge was thickened by centrifuging for 5 min
at 3750 rpm, and 500 mg of the pellet was transferred into a clean tube. The thickened biomass was
washed several times with PBS and the resulting suspension was sonicated (40 kHz, 50 W, 30 s).
Subsequently, genomic DNA was extracted using a FastDNA® SPIN kit for soil (MPBio, USA) according
to the manufacturer's instructions. DNA concentration and purity were measured with the
NanoDrop® spectrophotometer (Thermo Fisher Scientific, Germany).
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DNA extracts were sent to MrDNA (Shallowater, USA) for PCR amplification, library preparation and
sequencing. Universal primers 515F [22] and 926R [23] were applied to simultaneously amplify the
V4-V5 hypervariable region of the prokaryotic 16S rRNA gene of bacteria and archaea. The
HotStarTaq PCR Master Mix Kit (Qiagen, USA) was used for PCR, with a programme consisting of 3
min at 94 oC, followed by 30 cycles of 30 s at 94 oC, 40 s at 54 oC and 1 min at 72 oC, and a final
elongation of 5 min at 72 oC. Amplicons were checked on 2% agarose gel, pooled in equimolar
proportions and purified using AMPure XP beads (Agencourt, USA) before library preparation. The
16S rRNA gene sequences generated were 300 bp paired-end, using Illumina MiSeq sequencing with
V3 chemistry (Illumina Inc., USA). Further details on QIIME2 [24] sequence data processing and
sequencing statistics are reported in the supplementary information and Table S7. For the data
presented in this study, we considered the most dominant ASVs (mean relative abundance > 0.1%),
which comprised 72.8% of 417988 sequences generated from the reactor samples with a mean (±
SE) coverage of 34832 ± 6993 sequences per sample.
The relative abundance of each microbial group above 1% detected after NGS analysis was utilised
to calculate the biodiversity of the mixed microbial communities by means of Shannon–Weaver
index of diversity (H') [25] and Pielou’s evenness index [26].
3.

Results

3.1.

Reactors’ performances and EPS production

During the reactors’ operational period, effluent samples were analysed for COD and NH4–N. High
COD removal efficiencies (84 - 95 %, Fig. 1) were achieved by all the reactors even though nitrogen
was clearly limiting (effluent NH4–N concentration was in the range of 0.003 - 0.1 mg/L).

R2

R1

R3

R4

COD removal efficiency

100%

80%
60%

40%
20%
0%

Gly/Eth Gly/Eth
(4:1)
(1:1)

Gly

Acet/eth
(4:1)

Acet

Acet

Acet/eth Acet/eth
(4:1)
(1:1)

Glu

Glu/Eth
(1:1)

Eth

Fig. 1. COD removal efficiencies of the four reactors fed with different substrates. Data expressed as mean
± standard deviation of at least triplicate measurements at different days of operation. Gly: Glycerol; Eth:
Ethanol; Acet: Acetate; Glu: Glucose. Displayed ratios are based on g COD carbon source 1: g COD carbon
source 2.
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This high COD removal confirms our previous finding [5], that reactors operating under nitrogenlimited conditions can achieve high COD removal efficiencies, partly because the influent soluble
COD can be converted to EPS-COD, which is retained in the reactor by the membrane [5].
As shown in the COD mass balance in Fig. 2, a fraction of the influent COD was used for biomass
production and a fraction was lost to oxidation. The ratios between the EPS-COD, biomass-COD,
and oxidised COD fractions depend on the utilised substrates and microbial community. With
respect to feeding the reactors with single substrates, the produced sludge-COD (comprising
biomass- and EPS-COD) from glycerol, glucose and acetate_R1 (R1 – acetate was fed to an EPS-rich
sludge, later discussed) were predominantly composed of EPS-COD (83, 81 and 65 %, respectively).
For acetate_R2 (R2 – acetate was fed to an inoculum from a WWTP) and ethanol substrates, it was
the other way round: 93 and 78 %, respectively, of the sludge-COD was from the biomass.
With the addition of ethanol as a co-substrate to glycerol and acetate_R2, no positive effect on the
total biomass and EPS production was observed; however, there was a slight shift from biomass to
EPS production with the increasing addition of ethanol to acetate_R2 (Fig. 2 – R2). On the other
hand, the addition of ethanol to glucose increased sludge production from 37% to 71% (which was
connected to the increased biomass production, not EPS), thereby decreasing the oxidised COD
fraction. Similarly, ethanol addition to acetate_R1 increased sludge production from 21% to 77%
(in this case, it was associated with increased EPS production, not biomass), thus reducing the
fraction of oxidised COD. Overall, these findings show that, depending on the substrate, sludgeCOD may predominantly consist of biomass instead of EPS, even under limited nitrogen and excess
carbon. However, it is recognized that the biomass-COD here may include internal storage products
such as polyhydroxyalkanoates (PHA), as will be discussed later.

R1

R2

R3

R4

100

COD fraction (%)

80
60
40
20

0

Gly/Eth Gly/Eth
(4:1)
(1:1)
Effluent

Gly

Biomass

Acet/Eth
(4:1)
EPS

Acet

Acet

Acet/Eth Acet/Eth
(4:1)
(1:1)

Glu

Glu/Eth
(1:1)

Eth

Oxidised

Fig. 2. COD distribution as a fraction of influent COD in the four reactors fed with different substrates. The
legends in R1 are also applicable to R2, R3 and R4. Gly: Glycerol; Eth: Ethanol; Acet: Acetate; Glu: Glucose.
Displayed ratios are based on g COD carbon source 1: g COD carbon source 2. Absolute values are reported
in Table S1.
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After a stable operation of the reactors (at least three times the SRT and when effluent COD values
became consistent), soluble and bound EPS were extracted from the reactor mixed liquor. The
concentrations and recovery of EPS in the reactors varied between 0.2 - 3.1 g/L sludge and 3 - 69 %,
respectively (Fig. 3 and Fig. S1). Hence, EPS recovery was notably influenced by the type of carbon
source(s), despite been operated under a similar nitrogen-limited regime, that has been reported
to enhance EPS production [5]. Overall, the highest EPS recoveries were obtained with the glycerolbased substrates in R1 (28 - 45%), followed by the glucose-based substrates (R3, EPS recovery 25 30%), while the reactors fed with sole ethanol (11%) and acetate/ethanol showed the lowest EPS
recoveries (3 - 11 %).
With glycerol and glucose as substrates, the (increasing) addition of ethanol unexpectedly led to
lower EPS recoveries, in contrast to the auxiliary substrate concept proposed by Babel and Muller
[13]. Although the recovery of B-EPS increased while that of S-EPS decreased with increasing ethanol
addition (Fig. 3, R1 and R3), the total EPS recovery decreased, taking into account that the S-EPS
fraction had a higher contribution (56 – 80%) to the total EPS produced. On the other hand, the
addition of ethanol positively influenced the recovery of EPS from acetate (Fig. 3 – R2). The total
EPS recovery increased from 3% with sole acetate to 8.6% and 10.6% in the acetate/ethanol ratios
4:1 and 1:1, respectively (Fig. 3, R2). In this case, both the S-EPS and B-EPS fractions had increased
recoveries with ethanol addition. However, when acetate and acetate/ethanol (4:1) were fed to the
microbial community of R1, which was already adapted to produce high concentrations of EPS from
glycerol (Table 1), the EPS recovery with sole acetate was 13% (1% S-EPS, 12% B-EPS) and with
acetate/ethanol (4:1), the reactor afforded a surprisingly high recovery of 69%, mainly composed of
S-EPS (67%) (Fig. 3 – R1).
3.2.

EPS characteristics

3.2.1.

Chemical composition

Irrespective of the type of carbon source fed to the reactors, the produced EPS generally contained
a higher polysaccharide (comprising neutral and acidic sugars) content than proteins (Fig. S2 and
S3). In all the reactors, the harvested EPS-protein content was ˂ 7.5 wt%, with the exception of the
slightly higher values obtained for the S-EPS extracted from R1 when fed with Gly/Eth(1:1) (11.1
wt%) and the EPS extracted from R4 (S-EPS: 11.5 wt%, B-EPS: 17.5 wt%). The polysaccharide content
reached up to 46.3 wt%, with the S-EPS containing a higher sugar content (28.1 – 46.3 wt%) than
the corresponding B-EPS. It is worth mentioning that aside from the biopolymeric fractions
(polysaccharides and proteins), EPS are expected to also contain other substances, such as acidic
and neutral low molecular weight compounds that are encompassed in the total weight of the
recovered EPS [2,27].
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0%

Gly/Eth
(4:1)

Gly/Eth
(1:1)
S-EPS recovery

R2

EPS recovery

30%

Gly

Acet/Eth
(4:1)

Acet

B-EPS recovery

R3

R4

20%

10%

0%

Acet

Acet/Eth (4:1) Acet/Eth (1:1)

S-EPS recovery

B-EPS recovery

Glu
Glu/Eth (1:1)
B-EPS recovery
S-EPS recovery

Eth
B-EPS recovery
S-EPS recovery

Fig. 3. EPS recoveries (influent COD recovered as EPS-COD) from the four reactors (R1, R2, R3 and R4) fed
with different substrates. Gly: Glycerol; Eth: Ethanol; Acet: Acetate; Glu: Glucose. S-EPS: soluble-EPS; B-EPS:
bound EPS. Displayed ratios are based on g COD carbon source 1: g COD carbon source 2. Error bars are
shown for the EPS concentrations in Fig. S1 (supplementary information).

The molar polysaccharide composition of the various EPS’ fractions is presented in Fig. 4. Soluble
and bound EPS produced from the same carbon source contained the same monosaccharides in a
similar proportion, while the EPS produced from different substrates varied in composition and
proportion. The EPS produced with glycerol as the sole carbon source contained uronic acids as the
main monosaccharides (51 - 58 mol%), but with ethanol as a co-substrate in the ratio 4:1
(glycerol/ethanol ratio), glucose and galactose became the dominant monosaccharides, while
uronic acid content decreased to ~ 18 mol%. When the glycerol/ethanol ratio decreased from 4 to
1, the galactose content reduced significantly and again, uronic acids became the dominant residues
in the EPS fraction (43 - 47 mol%). With acetate and acetate/ethanol substrates (R1), the synthesised
EPS were mainly composed of mannosyl and galactosyl residues, whereas the EPS produced in R4
(ethanol-fed reactor) had a fairly uniform distribution of the main monosaccharides: mannose,
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galactose, fucose, rhamnose, glucose and uronic acids. There was also a uniform distribution of the
main monosaccharides (fucose, mannose, galactose, glucose, uronic acids) in the EPS produced with
Glu/Eth (1:1) as the substrate in R3. With glucose as the only carbon source, the produced EPS were
majorly composed of mannosyl residues, and only the EPS produced from this substrate were
composed of significant amounts of pentoses (arabinosyl and xylosyl residues) – Fig. 4. Overall, the
addition of ethanol as a co-substrate with glycerol, acetate and glucose led to an increase in the
amount of rhamnose in both the soluble and bound EPS.
R1_Gly/Eth (4:1) S-EPS
R1_Gly/Eth (4:1) B-EPS
R1_Gly/Eth (1:1) S-EPS
R1_Gly/Eth (1:1) B-EPS
R1_Gly S-EPS
R1_Gly B-EPS
R1_Acet/Eth (4:1) S-EPS
R1_Acet/Eth (4:1) B-EPS
R1_Acet S-EPS
R1_Acet B-EPS
R3_Glu S-EPS

R3_Glu B-EPS
R3_Glu/Eth (1:1) S-EPS
R3_Glu/Eth (1:1) B-EPS

R4_Eth S-EPS
R4_Eth B-EPS
0
Rhamnose

20
Fucose

Arabinose

40
60
EPS monosaccharide content (mol%)
Xylose

Mannose

Galactose

80
Glucose

100
Uronic acids

Fig. 4. Relative amounts (mol%) of EPS’ monosaccharide composition produced from different substrates.
Gly: Glycerol; Eth: Ethanol; Acet: Acetate; Glu: Glucose. S-EPS: soluble-EPS; B-EPS: bound EPS. Displayed
ratios are based on g COD carbon source 1: g COD carbon source 2. Error bars are standard deviations of
duplicate analysis.

3.2.2.

Molecular weight (MW) and charge density

The average MWs of the EPS fractions produced from the different substrates are presented in Table
2. The MW values increased in the order: Glucose-based EPS (3.2 ± 0.2 MDa ) > acetate-based EPS
≈ ethanol-fed EPS (2.6 ± 0.2 MDa) > glycerol-based EPS (1.6 ± 0.2 MDa). This order cannot be
explained based on the polysaccharide or protein content (wt% – Fig. S2 and S3) because, for
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instance, the B-EPS produced from sole glucose had the highest MW value but not the highest
polysaccharide or protein content (18 wt% total polysaccharides and 5.3 wt% total proteins).
Although it is not entirely clear from this study why one substrate affords a higher or lower MW EPS
than the other, one inference from this result is that substrates that lead to very high EPS recoveries
do not necessarily produce EPS with the highest MWs. Moreover, the addition of ethanol as a cosubstrate to glycerol, glucose and acetate did not significantly alter the MW when compared with
the EPS produced from the single substrates. Lastly, the MW results in Table 2 reveal that both the
bound and corresponding soluble EPS fraction have similar MWs.
Aside from MW, charge density is another property of EPS that determines its suitability as a
flocculant and as a heavy metal adsorbent [2,4]. The charge density results presented in Table S2
reveal that the anionic charge density of EPS increased with the content of uronic acids (Fig. 4). The
S-EPS produced from sole glycerol had the highest uronic acid content and a high charge density
value of 6.7 meq/g (at EPS solution pH of 7), whereas the S-EPS from Acet/Eth (4:1) with the lowest
uronic acid content had a low charge density value of 2 meq/g at the same pH.
Table 2. Average molecular weights (MWs) of the EPS biopolymer fraction produced from different
substrates.
Substrate (Reactor)

EPS fraction

Average MW (MDa)

Glycerol (R1)

S-EPS

1.72 ± 0.04

B-EPS

1.50 ± 0.16

S-EPS

1.78 ± 0.14

B-EPS

1.69 ± 0.14

S-EPS

2.49 ± 0.07

B-EPS

2.50 ± 0.02

S-EPS

2.71 ± 0.03

B-EPS

2.41 ± 0.09

S-EPS

3.02 ± 0.08

B-EPS

3.30 ± 0.09

S-EPS

3.22 ± 0.10

B-EPS

3.23 ± 0.37

S-EPS

2.61 ± 0.14

B-EPS

2.55 ± 0.12

Glycerol/ethanol (1:1) (R1)

Acetate (R1)

Acetate/ethanol (4:1) (R1)

Glucose (R3)

Glucose/ethanol (1:1) (R3)

Ethanol (R4)
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3.3.

Microbial community composition

A microbial community analysis by NGS was carried out on the inoculum sample and samples taken
from all the reactors at the end of each feeding phase (Table 1). Each reactor was started from the
same inoculum, where the most important bacterial groups were affiliated to the genera
Trichococcus and Acinetobacter (27.5 and 24.5%, respectively) (Table S3). From this profile, very
different bacterial populations developed in time in all the reactors, changing significantly when fed
with the different substrates. The changes in community structure with each substrate are
summarised in Fig. 5 and detailed in Tables S3, S4, S5 and S6 (supplementary information).
In Reactor 1, in the first phase fed with glycerol/ethanol (4:1), Rickettsiales SM2D12 (24.2%) and
Xanthobacter (9.4%) were the dominant groups, followed by family Burkholderiaceae (8.7%) and
genus Acinetobacter (7.6%). With the decrease of glycerol substrate and increase in ethanol
(glycerol/ethanol (1:1)), Luteolibacter, which was 3% relatively abundant in the 4:1 ratio became
highly dominant (40.7%). Rickettsiales SM2D12 decreased to 0.4% while Xanthobacter and
Acinetobacter were not detected. Feeding only on glycerol, Luteolibacter decreased to a relative
abundance of 14%, and the genus Mucilaginibacter (27.5%) was rather dominant. Acinetobacter
(19.8%), Burkholderiaceae (15.8%) and Caulobacter (12.6%) were the three dominant groups with
Acetate/Ethanol (4:1), while Luteolibacter (0.4%) and Mucilaginibacter (0.2%) became rare. After
feeding with only acetate, Acinetobacter decreased to 8.3%, with Erysipelothrix and
Verrucomicrobium as the dominant genera (relative abundance of 29.8% and 22.8%, respectively).
In Reactor 2, where the inoculum was first exposed to sole acetate as substrate, Erysipelothrix was
the main genus (33%), which was also observed in R1 when fed with acetate. When ethanol was
added as a co-substrate (acetate/ethanol (4:1)), the number of core OTUs decreased in comparison
to the population grown with sole acetate (Table S7), and an increased number of dominant
populations developed (Fig. 5). Erysipelothrix decreased from 33% to 1.4% and the dominant groups
under this condition were the family Burkholderiaceae (17.9%) and genera Romboutsia (17%) and
Acinetobacter (13.5%).
In Reactor 3, we observed the most evident influence of substrate change on the number of core
OTUs with respect to ethanol as a co-substrate or not (Table S7). When glucose was the sole
substrate, Acinetobacter (28.5%) was the dominant genus, as also observed in R1 with Acet/Eth (4:1)
as substrate (Fig. 5). After ethanol addition (glucose/ethanol (1:1)), core OTUs number (≥ 1%)
increased from 10 to 21 (Table S7), with a variety of dominant groups represented by the genera
Flectobacillus (13.1%), Sphaerotilus (11.8%) and Hydrogenophaga (11.4%), while Acinetobacter
decreased to 1.4%.
Reactor 4 was fed with only ethanol (as a reference) for the whole operation time, after which the
community was dominated by the family Burkholderiaceae (23.7%), which were detected multiple
times in other reactors, particularly in reactors where ethanol was added to acetate (R1 and R2).
Similarly, Caulobacter, Romboutsia, Aeromonas, Hydrocarboniphaga, Sphingobium and
Xanthobacter, which were observed in some of the reactors co-fed with ethanol were also detected
in R4 fed with sole ethanol (Fig. 5).
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Fig. 5. The main microbial groups detected in all the four aerobic reactors and their relative abundances (as dark grey bars) presented in comparison to the substrates
fed. Light grey spots indicate when the relative abundance of the microbial group was below 1% in the specific sample.
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4.
4.1.

Discussion
Effect of substrates on EPS production

With the use of single substrates, EPS recovery was in the order Glycerol > Glucose >> Acetate (R1)
> Ethanol > Acetate (R2). Apparently, the waste sludge produced from ethanol and acetate
substrates were predominantly composed of biomass (including internal storage products, as
discussed below) and not EPS (Fig. 2). Since there was no significant difference in the energy
content of the substrates (-14.8 kJ/g COD glycerol, -14.5 kJ/g COD glucose, -14.2 kJ/g COD ethanol,
-13.6 kJ/g COD acetate), the differences in EPS recovery may be better explained by the substrate
incorporation into the cell/subsequent energy spilling [28] and the difference in metabolic pathways
within the cells. Small uncharged molecules such as glycerol can cross the cell membrane via
facilitated passive diffusion through its concentration gradient. On the other hand, the movement
of most sugars and charged molecules such as acetate involves an active transport system whereby
ATP hydrolysis is needed to gain energy to drive the substrate uptake against its concentration
gradient [10,17]. In the latter case, it is likely that less energy is spilled (or remains) by
microorganisms to synthesise secondary metabolites such as EPS (by the way, rapidly growing cells
can spill as much as 25% of their ATP for the synthesis of secondary metabolites) [28]. In the case of
ethanol as a substrate, its redox degree (-2) strongly deviates from the redox degree of carbon in
EPS, which is zero. Hence, EPS production from ethanol requires net energy and this may justify the
low EPS recovery from ethanol.
Another explanation for the significant difference in EPS yield per substrate is based on the different
metabolic pathways involved in the biosynthesis of secondary metabolites. For instance, the
biosynthesis of alginates involves the oxidation of a carbon source (usually carbohydrates) to
acetyl-CoA, which enters the tricarboxylic acid (TCA) cycle where oxaloacetate is formed and
subsequently converted to fructose-6-phosphate via gluconeogenesis [29]. Fructose-6-phosphate
undergoes a series of transformations to form guanosine diphosphate-mannuronic acid – the
nucleotide precursor for alginate synthesis [29]. Similar pathways have also been reported for the
synthesis of other extracellular polymers such as xanthan gum and pullulan [30,31]. While glucose
substrate must be converted to pyruvate via several steps and then oxidized to acetyl-CoA before
entering the TCA cycle, glycerol conversion is possibly shorter and less energy-intensive. Glycerol
can directly undergo gluconeogenesis (without entering the TCA cycle) to form dihydroxyacetone
phosphate [17] and finally fructose-6-phosphate [11] or its analogue, which may be converted to
the nucleotide precursor needed for EPS production. In the case of acetate as a substrate, it can be
metabolised via the TCA cycle for cell growth and possibly EPS synthesis, or it can be channelled
towards intracellular PHA production via the direct ‘PhaABC’ process [32,33]. The latter pathway is
more probable under stress conditions such as nutrient limitation/starvation or aerobic dynamic
feeding, where PHA production is energetically cheaper [34,35].
Although the addition of ethanol to acetate in R2 increased EPS recovery from 3% (sole acetate) to
10.6% (acetate/ethanol (1:1)), this is still a low value compared to the recovery values obtained
from the glycerol (R1) and glucose-fed (R3) reactors. Through microscopic imaging (which by the

93
93

4

Chapter 4

way is strictly qualitative), we observed PHA accumulation within the biomasses of the acetate-fed
(Fig. S4 A and B) and acetate/ethanol (4:1)-fed of R2 (Fig. S4 C and D), and in R3 when fed with
glucose (Fig. S4 E and F). But PHAs were not detected in the biomass from the glycerol-fed reactor.
Furthermore, higher biomass-COD/EPS-COD ratios in R2 (fed with acetate and acetate/ethanol)
were observed compared to the glycerol-based reactors (R1) (Fig. 2). These findings suggest that
the production of EPS from acetate and acetate/ethanol under the studied conditions may have
been less due to some level of carbon flux to intracellular PHA production. This is not particularly
surprising since acetate is reported as a principal substrate for PHA production [36] and many
species of heterotrophic bacteria can synthesise PHA under aerobic conditions [34,37]. Moreover,
the start-up inoculum was obtained from a WWTP that employs a biological nutrient removal
process. Hence, it naturally contains PHA-accumulating organisms, at least to some extent, which
were further enriched when acetate was fed into R1 [38].
However, when the biomass producing high EPS yield in R1 (grown on glycerol) was fed with acetate
and acetate/ethanol, EPS yield was higher than in R2, where the start-up inoculum was directly fed
with acetate. Compared to R2, the influent COD channelled towards biomass production in R1 was
considerably lower (8%, Fig. 2). Most of the influent COD in R1 was converted to EPS-COD (69%)
when fed with Acet/Eth (4:1), and to oxidised-COD (about 72%) when fed with sole acetate.
Although it is not entirely clear why the type of start-up biomass can significantly influence substrate
effect on EPS production, a similar strategy has also been reported for PHA intensification, which
involved the selection of a glycerol-fed enrichment culture and a subsequent PHA accumulation
phase with acetate as the substrate [39]. Hence, the use of such enriched microbial cultures (EPSrich sludge) may be a good strategy to intensify EPS production from substrate mixtures such as
acetate/ethanol. However, this still needs to be verified with longer experiments and with various
substrates, as this may pave the way for substrate versatility for EPS production.
Overall, although the addition of ethanol as an auxiliary substrate to acetate increased EPS
recoveries, reduced recoveries were obtained when ethanol was added to glycerol and glucose
substrates. Hence, the auxiliary substrate concept proposed by Babel and Muller [13] to intensify
EPS production in pure cultures [14] may not be absolutely applicable for mixed cultures,
particularly under nitrogen-limited conditions. Further experimental evidence (such as isotope
labelling and tracing) will be needed to substantiate the (metabolic) roles of energy-excessive and
deficient substrates for either EPS synthesis, PHA production or energy generation.
4.2.

Microbial population and EPS recovery from different substrates

The microbial community analysis of 16S rRNA amplicon sequencing resolved the community
composition mostly at the genus level, although in some cases, the major protagonists could only
be classified at the family, order or phylum level (or even as uncultured bacteria). This is the case
with the orders Rickettsiales and Enterobacteriaceae, and the family Burkholderiaceae. For this
reason, a detailed understanding of the microbial dynamics in relation to the different substrates
and EPS production is not possible. Nonetheless, interesting discussion points develop when
comparing the relative abundances of the core OTUs, as summarised in Fig. 5. This discussion will
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focus on the most relevant results in relation to the EPS recoveries, i.e. those obtained from R1 and
R2 with glycerol- and acetate-based substrates.
The change in substrate fed into each reactor strongly influenced the composition of the microbial
community, probably also stimulated by the strong selection pressure exerted by the relatively short
SRT of 2 days, which causes the wash-out of slow-growing microorganisms. Considering the narrow
substrate range, especially for the single substrates, the microbial diversity was high. However, no
specific group was always dominant in the same reactor. In most cases, two or more possible EPSproducing genera developed within the same reactor when fed with different substrates.
Reactor 1, successively fed with the glycerol-based substrates Gly/Eth (4:1), Gly/Eth (1:1) and Gly
gave relatively high EPS recoveries (28 – 45 %) (Fig. 3). This can be connected to the presence of
EPS-producing genera Xanthobacter [40] and Acinetobacter [41,42] when fed with Gly/Eth (4:1),
Erysipelothrix [43] and Terrimicrobium [44] when fed with Gly/Eth (1:1), and the genus
Mucilaginibacter [45] when fed with Gly. Interestingly, although not surprising, known EPS
degraders were found, in particular, Luteolibacter [46,47] when the feed consisted of Gly/Eth (1:1).
Their presence implies that, when upscaling EPS production from mixed cultures, it should be taken
into account that possible EPS-degraders may grow under high EPS production rates. How the
presence of such EPS degraders affects the yield of EPS and how to control a reactor to avoid or
minimise their presence is unknown, but it would be worthwhile to further investigate.
When acetate was used as a single substrate in both R1 and R2, the EPS producers Acinetobacter
and Erysipelothrix were present, the latter even at significantly higher relative abundancy than with
the glycerol-based substrates. In spite of this, the EPS recoveries were much lower (3 - 13 %). Under
nitrogen-limited conditions and with acetate as a substrate, it is possible these genera, particularly
Acinetobacter prefer to accumulate PHA (also see Section 4.1) over EPS excretion, or specific strains
were enriched that have this preference [48,49]. Although Erysipelothrix has been reported to grow
on acetate [50], there has been no report on its ability to accumulate PHA. Furthermore, the genus
Verrucomicrobium, a known polysaccharide degrader [51,52] was present in R1 at significantly
higher relative abundancy than in R2 when fed with sole acetate. This can be explained from the
high EPS production that was observed during the previous feeding phase with Acet/Eth (4:1), which
will be discussed below, but it also implies that the wash-out of this microorganism was much slower
than expected based on an SRT of 2 days.
The most striking result was that the EPS recovery in R1 with Acet/Eth (4:1) was much higher (69%)
than in R2 fed with the same substrate (11%). The only operational difference being the substrate
that was previously fed to these reactors, i.e., glycerol in R1 and acetate in R2, which led to different
microbial communities. The main difference in terms of microbial population is the presence of
Caulobacter, Sphingobium and Xanthobacter in R1, members of which are known EPS producers
[40,53,54]. However, no explanation is available why these genera were able to develop towards a
high relative abundance in R1 but not in R2. Still, considering the very high EPS yield in R1, this
outcome certainly deserves more research (also see Section 4.1). Nevertheless, the result suggests
that feeding an inoculum with a substrate like glycerol could be the required step to develop a
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microbial community able to maintain high EPS yield when switching to acetate-based substrates,
especially in the presence of ethanol as a co-substrate.
4.3.

Effect of substrates on EPS characteristics

Regardless of the fed carbon source, the produced EPS were complex in composition, comprising
proteins, different carbohydrates (neutral and acidic), and other substances (neutral and acidic low
molecular weight compounds [2,27]). Even when fed with single substrates, the synthesized EPS
were heterogeneous in composition, most likely due to the complex microbial community that
comprised various EPS-producers.
Under nitrogen-limited conditions, polysaccharides were found as the main biopolymer component,
which agrees with our previous studies [4,5] and the reports of other researchers [55,56]. Consistent
with other studies, exopolysaccharides produced from mixed-cultures are compositionally mixed
(comprising different monosaccharides) [57], whether produced from single or dual substrates, as
shown in this study. This study further demonstrates that the sugar composition and content of
mixed-cultured EPS vary with the utilised substrate (Fig. 4 and Fig. S2). While ethanol, glycerol- and
acetate- based substrates produced EPS with aldohexoses and uronic acids as the main sugar
components, significant amounts of pentose sugars (arabinose and xylose) were found only in the
glucose-based reactors, especially when glucose was used as the sole substrate. This differs from
what has been obtained by a single bacterial strain that produces one type of EPS. For instance,
Pirog et al. [41] showed that the EPS (ethapolan) synthesised by Acinetobacter sp. 12S were identical
in monosaccharide composition and content regardless of the utilised carbon source (glucose,
ethanol or their mixture).
The content of oxidised substituents (such as uronic acids) in the produced EPS gives an indication
of the energy requirement per substrate during EPS biosynthesis. The higher the content of the
oxidised groups, the lower the energy invested (instead energy is generated) by the microorganisms
(compared to the synthesis of neutral exopolysaccharides) [14,58], perhaps further justifying why
glycerol yields more EPS than the other substrates. Therefore, substrates such as glycerol that lead
to the production of uronic acids as their main polysaccharide component are likely to be sufficient
for both microbial cell growth and high EPS yield. This is because, the energy required for acidic
exopolysaccharide synthesis can potentially come from both catabolism and the oxidation process
when certain polysaccharide substituents (such as acidic groups) are formed [58].
This study further revealed the parallel between the soluble and bound EPS fractions of the same
origin. Soluble and bound EPS produced from the same substrate had similar MW and were
composed of the same sugar type in a somewhat similar proportion. These results suggest that both
the soluble (sludge supernatant after centrifugation) and bound (attached to the microbial cells or
flocs) EPS fractions are not different fractions but are fundamentally similar, at least biochemically,
although their concentrations in a reactor may differ. This concurs with the proposition by Laspidou
and Rittman [59] and Hsieh et al [60], that soluble EPS to a large extent are products (sheared-off
or dissolved products) of the bound EPS.
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4.4.

Practical implications and outlook

The results of this study demonstrate that glycerol-rich (such as wastewater from the biodiesel
industry) and glucose-rich wastewater (e.g., soda/sugar beet industrial wastewater) prove to be
suitable wastewater types for substantial EPS recovery. Although substrates containing acetate (as
found in pulp and paper industrial wastewater) showed low EPS recoveries, the use of an inoculum
already adapted to produce high EPS yield may pave the way for substrate versatility for enhanced
EPS production. However, this needs to be further investigated with much longer reactor operation
times and additional analyses to assess the evolution and function of the microbial community
members.
EPS produced from sole glycerol were mainly composed of uronic acids, consequently leading to a
highly charged anionic biopolymer. The advantage of such EPS is their potential application as heavy
metal adsorbents, where polymers with a high charge density are preferred for the ion-exchange
mechanism [4]. Moreover, uronic acid-rich EPS are interesting for the food industry as thickeners or
gelling agents, coupled with the non-Newtonian fluid behaviour of EPS produced from glycerolbased wastewater, as found in exopolysaccharides such as gellan gum [5,61]. Although for food
application, clean (void of pollutants, heavy metals and pathogens) substrates and processes would
be needed to produce mixed EPS that are rich in uronic acids.
The high MWs of the produced EPS (irrespective of the utilised carbon source) make them potential
bioflocculants for particle removal. Since flocculation capabilities of anionic polymers generally
increase with MW [62], it is expected that EPS produced from glucose-based substrates would show
higher flocculation performance compared to EPS obtained from glycerol and acetate. However,
this may not necessarily be the case since the MW differences are not significant (order of
magnitude ~ 2) from a flocculation viewpoint.
5.

Conclusions

This study confirms that the type of wastewater for the set conditions of nitrogen limitation not
only affects the recoveries of microbial EPS but also the development of the microbial community
that is responsible for EPS production, and the characteristics of the produced EPS. Although the
addition of ethanol as an auxiliary substrate to acetate increased EPS recovery from 3% (sole
acetate) to 11% (acetate/ethanol ratio 1:1), reduced EPS recoveries were obtained when ethanol
was added to glycerol and glucose substrates. However, the preliminary acclimation of the biomass
with a substrate like glycerol may help the microbial community to establish anabolic pathways
toward EPS production that remain active even with other substrates like acetate/ethanol mixture.
Overall, by employing different substrates, it is possible to modulate the basic EPS properties,
namely monosaccharide composition, molecular weight and charge density, which are important
for different EPS applications.
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Supplementary information of Chapter 4
Table S1. COD distribution as a fraction of influent COD in the four reactors fed with different substrates.
Gly: Glycerol; Eth: Ethanol; Acet: Acetate; Glu: Glucose. Displayed ratios are based on g COD carbon source
1: g COD carbon source 2.
Reactor

Substrates

Effluent-COD

Biomass-COD

EPS-COD

Oxidised COD

R1

Gly/Eth (4:1)
Gly/Eth (1:1)
Gly
Acet/Eth (4:1)
Acet
Acet
Acet/Eth (4:1)
Acet/Eth (1:1)
Glu
Glu/Eth (1:1)
Eth

3
7
4
9
7
13
4
10
4
2
8

26
6
9
8
8
42
40
27
7
46
39

33
28
44
69
13
3
9
11
30
25
11

38
59
43
14
72
42
47
52
59
27
42

R2

R3
R4
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EPS concentration (g/L sludge)
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0.0
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(4:1)
(1:1)
S-EPS concentration
B-EPS concentration

Glu

Glu/Eth (1:1)

B-EPS concentration
S-EPS concentration

Eth
B-EPS concentration
S-EPS concentration

Fig. S1. EPS concentration from the four reactors (R1, R2, R3 and R4) treating different substrates. Gly:
Glycerol; Eth: Ethanol; Acet: Acetate; Glu: Glucose. S-EPS: soluble-EPS; B-EPS: bound EPS. Displayed ratios
are based on g COD carbon source 1: g COD carbon source 2. Error bars are standard deviations of duplicate
extraction.
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R1_Gly/Eth (4:1) S-EPS
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Fig. S2. Sugar composition (% wt/wt EPS) of EPS fractions from different substrates. Gly: Glycerol; Eth:
Ethanol; Acet: Acetate; Glu: Glucose. S-EPS: soluble-EPS; B-EPS: bound EPS. Displayed ratios are based on g
COD carbon source 1: g COD carbon source 2.
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Fig. S3. Total protein content (expressed as wt% BSA equivalent units) of EPS fractions from different
substrates. Gly: Glycerol; Eth: Ethanol; Acet: Acetate; Glu: Glucose. S-EPS: soluble-EPS; B-EPS: bound EPS.
Displayed ratios are based on g COD carbon source 1: g COD carbon source 2. Error bars are standard
deviations of triplicate measurements.
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Charge density determination
EPS’ charge density was determined by colloid titration using a Mütek Particle Charge Detector
(PCD03, Germany) described by Tan et al. [63] and a titration procedure explained by Ajao et al. [2].
The charge densities were determined at a sample solution pH of 7.0 ± 0.1 and calculated from the
titrant (polydiallyldimethylammonium chloride, pDADMAC) consumption according to the
equation:
𝑞𝑞 =

𝑐𝑐∗𝑉𝑉
𝑚𝑚

4

(2)

where q is the specific charge quantity (eq/g), c is the titrant concentration (eq/L), V is the consumed
titrant volume (L), and m is the mass of the sample (g).
Table S2. Charge density values of selected soluble EPS from reactors 1 - 3. Mean ± standard deviation of
duplicate measurements.
EPS and reactor/substrate

Charge density (meq/g) at pH 7

Soluble EPS (R1 - Glycerol)

6.67 ± 0.23

Soluble EPS (R2 - Acetate/ethanol, 4:1)

2.01 ± 0.10

Soluble EPS (R3 - Glucose)

2.32 ± 0.03
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Table S3. Bacterial 16S rRNA gene analysis by means of Next Generation Sequencing (NGS) of samples taken
from Reactor 1. The relative abundance of core operational taxonomic units (OTUs) (> 1% relative abundance,
100% occupancy) and their taxonomic classification at the identified level (mostly genus level). All OTUs < 1%
are summed together and presented as unclassified. The inoculum and samples taken from reactor R1 are
compared. Light grey spots indicate when the microbial group was not present in the specific sample.
Inoculum
Classification
day 0
Rickettsiales SM2D12
0.1
Xanthobacter
Burkholderiaceae
1.2
Acinetobacter
24.5
Enterobacteriaceae
4.3
Pseudomonas
Flavobacterium
Microbacterium
0.4
Mucilaginibacter
0.2
Luteolibacter
Sphingobium
Erysipelothrix
0.3
Microscillaceae
Brevundimonas
0.2
Rhizobiaceae
Terrimicrobium
Rickettsiales
Aeromonas
7.4
Verrucomicrobium
Uncultured Bacteria
Trichococcus
27.5
Dokdonella
Bosea
Exiguobacterium
0.3
Chryseobacterium
Afipia
Hydrocarboniphaga
0.2
Micavibrionales
Saprospiraceae
11.4
Caldilineaceae
6.4
Anaerolineaceae
6.3
Romboutsia
4.8
Kouleothrix
1.4
Anaerolineae
1.3
Caulobacter
0.3
Sericytochromatia
Sediminibacterium
Unclassified
1.7
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Relative abundance (%)
Gly/Eth (4:1) Gly/Eth (1:1) Glycerol Acet/Eth (4:1)
day 11
day 18
day 42
day 57
24.2
0.4
0.1
2.2
9.4
0.6
2.9
8.7
0.9
14.4
15.8
7.6
3.9
19.8
5.2
0.2
2.5
4.0
4.7
0.4
3.8
0.4
1.9
1
3.2
1
0.2
3
27.5
0.2
3
40.7
14.1
0.4
2.7
2
0.3
5.4
2.4
15.6
1
1.5
2.3
0.9
0.2
1.7
1.1
1.7
1.6
0.1
0.6
0.9
13.8
0.1
0.8
0.9
4.5
0.2
1.0
0.5
3.5
4.9
0.5
2.3
1
3.3
0.5
11.7
0.1
0.3
0.5
0.3
0.4
0.4
2.3
0.4
1.5
0.8
0.2
0.1
1.7
0.2
0.8
6.5
0.2
2.6
2.5
0.1
0.7
3.1
4.8
0.1
3.8

0.1

11.9

7

Acetate
day 64
0.8
0.7
1.9
8.3
0.7
2.1

3.6
29.8

5.9
7.2
0.9
22.8
4.6

0.3
1.2

0.2

3.9
1.4
2.5
3.4

12.6
0.1

0.9
1.5

3.1

6.6
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Table S4. Bacterial 16S rRNA gene analysis by means of Next Generation Sequencing (NGS) of samples taken
from Reactor 2. The relative abundance of core operational taxonomic units (OTUs) (> 1% relative abundance,
100% occupancy) and their taxonomic classification at the identified level (mostly genus level). All OTUs < 1%
are summed together and presented as unclassified. The inoculum and samples taken from reactor R1 are
compared. Light grey spots indicate when the microbial group was not present in the specific sample.

Classification
Erysipelothrix
Rickettsiales
Acinetobacter
Terrimicrobium
Uncultured Bacteria
WPS-2
Sericytochromatia
Luteolibacter
Verrucomicrobium
Burkholderiaceae
Methanosaeta
Mollicutes
Proteobacteria
Atribacteria
Curvibacter
Thermovirga
Pseudoxanthomonas
Anaerolineaceae
Chryseobacterium
Pseudomonas
Afipia
Devosia
Microbacterium
Anaerolineae
Kouleothrix
Enterobacteriaceae
Romboutsia
Caldilineaceae
Aeromonas
Saprospiraceae
Trichococcus
Unclassified

Relative abundance (%)
Inoculum
Acetate Acet/Eth (4:1)
day 0
day 26
day 33
0.3
33.1
1.4
10.9
0.6
24.5
10.2
13.5
7.1
6.0
1.0
0.3
4.5
4.2
0.1
3.6
0.1
3.4
0.1
3.2
17.9
0.2
2.2
0.3
0.7
2.2
0.3
2
0.2
0.2
1.6
0.4
1.1
0.1
0.2
1.1
0.2
0.7
1.1
6.3
0.2
9.9
1.9
3.3
2.4
0.4
4.5
1.3
1.4
4.3
7.6
4.8
17
6.4
7.4
8
11.4
27.5
0.2
2.6
2.7
8.2
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Table S5. Bacterial 16S rRNA gene analysis by means of Next Generation Sequencing (NGS) of samples taken
from Reactor 3. The relative abundance of core operational taxonomic units (OTUs) (> 1% relative abundance,
100% occupancy) and their taxonomic classification at the identified level (mostly genus level). All OTUs < 1%
are summed together and presented as unclassified. The inoculum and samples taken from reactor R1 are
compared. Light grey spots indicate when the microbial group was not present in the specific sample.

Classification
Burkholderiaceae
Hydrocarboniphaga
Sphingobium
Caulobacter
Romboutsia
Flavobacterium
Aeromonas
Afipia
Acinetobacter
Microbacterium
Sphingomonadaceae
Xanthobacter
Flectobacillus
Brevundimonas
Enterobacteriaceae
Rickettsiales
Sediminibacterium
Methanosaeta
Uncultured Bacteria
Exiguobacterium
Opitutaceae
WPS-2
Sericytochromatia
Prosthecobacter
Terrimicrobium
Gemmataceae
Anaerolineae SBR1031
Kouleothrix
Anaerolineaceae
Caldilineaceae
Saprospiraceae
Trichococcus
Unclassified

106

Relative abundance (%)
Inoculum
Ethanol
Day 0
Day 18
1.2
23.7
0.2
10.7
10.7
0.3
6.8
4.8
5.5
5.0
7.4
4.6
3.6
24.5
3.0
0.4
2.9
2.3
2.2
2.1
0.2
1.6
4.3
1.6
1.5
1.4
0.2
1.4
1.1
0.3
0.9
0.5
0.4
0.3
0.2
0.1
0.2
1.3
1.4
6.3
6.4
11.4
27.5
2
5.9
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Table S6. Bacterial 16S rRNA gene analysis by means of Next Generation Sequencing (NGS) of samples taken
from Reactor 4. The relative abundance of core operational taxonomic units (OTUs) (> 1% relative abundance,
100% occupancy) and their taxonomic classification at the identified level (mostly genus level). All OTUs < 1%
are summed together and presented as unclassified. The inoculum and samples taken from reactor R1 are
compared. Light grey spots indicate when the microbial group was not present in the specific sample.

Classification
Acinetobacter
Chryseobacterium
Microbacterium
Burkholderiaceae
Flavobacterium
Enterobacteriaceae
Pseudomonas
Hydrogenophaga
Flectobacillus
Pseudoxanthomonas
Verrucomicrobium
Dyadobacter
Microbacteriaceae
Brevundimonas
Haliangium
Pleomorphomonadaceae
Microscillaceae
Aeromonas
Uncultured Bacteria
Trichococcus
Sphaerotilus
Dokdonella
Anaerolineae SBR1031
Kouleothrix
Romboutsia
Anaerolineaceae
Caldilineaceae
Saprospiraceae
Unclassified

Relative abundance (%)
Inoculum
Glucose Glu/Eth (1:1)
day 0
day 20
day 39
24.5
28.5
1.4
17.0
6.9
0.4
16.5
9.4
1.2
7.9
4.5
7.2
1
4.3
6.5
6.6
5.9
1.4
1.3
11.4
1.2
13.1
1.1
2.5
0.9
2.9
0.8
3.2
0.8
1.6
0.2
0.8
2.7
0.6
2.9
0.6
2.3
0.5
3.5
7.4
0.2
1.1
0.1
2.1
27.5
0.1
0.1
11.8
1.3
1.3
0.2
1.4
0.1
4.8
0.1
6.3
6.4
11.4
3.1
1.7
5.8
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Table S7. Diversity index (H') and evenness index (E) values calculated for each reactor, in the different
feeding conditions, compared with the inoculum. The most significant operational taxonomic units (OTUs)
per each sample out of the total number of sequences were considered, setting a cut-off value of 1%.
Reactor R1

Core OTUs
H'
E

Reactor R2

Core OTUs
H'
E

Reactor R3

Core OTUs
H'
E

Reactor R4

Core OTUs
H'
E

S4.

Substrate
Sample

Substrate
Sample

Substrate
Sample

Substrate
Sample

Inoculum
11
1.94
1.24

Gly/Eth (4:1) Gly/Eth (1:1)
day 11
day 18
16
7
2.21
1.48
1.25
1.31

Inoculum
11
1.94
1.24

Acetate
day 26
16
2.32
1.19

Acet/Eth (4:1)
day 33
12
2.23
1.11

Inoculum
11
1.94
1.24

Glucose
day 20
10
1.85
1.24

Glu/Eth (1:1)
day 39
21
2.62
1.16

Inoculum
11
1.94
1.24

Ethanol
day 18
19
2.39
1.23

Glycerol
day 42
16
2.13
1.30

Acet/Eth (4:1)
day 57
17
2.32
1.22

Acetate
day 64
11
1.80
1.33

Polyhydroxyalkanoate (PHA) visualisation in bacterial cells

Sludge samples from R1_Glycerol, R2_Acetate, R2_Acetate/ethanol (4:1), and R3_Glucose were
selected to visualise PHA accumulation in the bacterial cells using Nile blue A dye (Sigma Aldrich,
Netherlands). Sludge samples from the glycerol- and glucose-fed reactors were first diluted 100
times in PBS (due to the high EPS concentration in the sludge) while those from the acetate- and
acetate/ethanol (4:1)-fed reactors were diluted once because their sludges were watery and had
low EPS concentration.
10 µL of each diluted sludge sample (in duplicates) was placed in the well of a multi-well microscope
slide and dried at 55 °C for 5 mins. Afterwards, the glass slide was immersed in a petri dish with 1%
aqueous solution of Nile blue A dye and incubated at 55 °C for 10 mins. After the incubation, the
slide was washed with Milli-Q water and incubated with 8% aqueous solution of acetic acid for 1
min to remove excess stain. The glass slide was once again washed with Milli-Q water and air-dried.
For the microscopy analysis, the glass slide was mounted with VECTASHIELD® Antifade Mounting
Medium (Vector Laboratories, USA) and then observed with a Leica DM5000B fluorescence
microscope with blue excitation wavelengths (filter BP 450-490).
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Fig. S4. Bright field (on the left) and epifluorescence (on the right) micrographs after Nile blue staining of
samples taken from R2 fed with acetate (A and B), R2 fed with acetate/ethanol (4:1) (C and D), and R3 fed
with glucose (E and F). No PHA accumulating cells were detected in R1 fed with glycerol. White arrows
indicate the positive spots within the sludge aggregates. Scale bar is 10 µm.
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S7.

Next generation sequencing - QIIME 16S rRNA gene analysis

Paired-end 300 bp sequence data were imported as sequence .qza data artefact in QIIME2 v.
2018.11 [24]. Raw sequence processing comprised demultiplexing with quality filtering (i.e., 0 errors
in barcodes and trimming primer sequences). Subsequent denoising of forward and reverse reads
was performed by removing the first 10 bases and at truncating reads at position 235 (where median
Phred > 30), error-correction, joining paired reads, amplicon sequence variant (ASV) calling,
dereplication and chimeric sequence removal using the DADA2 plugin [64]. Only merged sequences
were used in subsequent analyses, and the non-overlapping pairs were discarded. Representative
sequences for each ASV were used to assign taxonomy using a naive Bayes classifier trained on
primer set-specific 411 bp fragments of curated 16S rRNA gene sequences from the SILVA database
v.132 [65–67]. The ASV feature table and taxonomic classification were exported and subsequently
imported with phyloseq [68] in R statistical software [69]. ASVs with no Kingdom assignment were
discarded and the ASV table was filtered to retain ASVs with a mean relative abundance of 0.1%.
Sample coverage and alpha diversity were then estimated based on non-rarefied data (Table S3).

110

110

OTUs
Core OTUs
(Occupancy =
100%, abundance
> 1&)

Sequences

114
16

11

31408

day 11

42

8928

Inoculum

7

49

6201

day 18

Reactor 1

16

103

56430

day 42

17

101

41980

day 57

Table S7. Detected OTUs and alpha diversity obtained after amplicon sequencing.

11

42

3381

day 64

16

43

3121

day 26

12

87

26908

day 33

Reactor 2

10

83

49779

day 20

day 18
45839
99
19

26010
80
21

Reactor 4
day 39

Reactor 3
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Abstract
Microbial extracellular polymeric substances (EPS) have received considerable attention as effective
and biodegradable flocculants for (waste)water treatment. In this study, wastewater-produced EPS,
which are generally heterodispersed, were size-fractionated and each fraction was investigated for
its role in the overall flocculation mechanism of EPS in clay systems. The harvested EPS were
fractionated into three molecular weights (MWs): high (HMW: 1.99 MDa), medium (MMW: 0.78
MDa) and low (LMW: 0.13 MDa). The produced EPS and its fractions were mainly composed of
polysaccharides and proteins and their ratios increased with increasing MW. The harvested
unfractionated EPS and the HMW-EPS fraction showed similar and excellent flocculation of kaolinite
(93% turbidity removal at a dosage of 0.1 mg/g kaolinite) and montmorillonite (98 - 99 % at 0.5
mg/g) in single clay systems, revealing that the presence of LMW-EPS in the harvested EPS did not
hinder its flocculation performance. However, the sole use of the LMW-EPS poorly flocculated any
of the clay particles. In the dual clay system, the harvested mixed EPS proved to be more efficient
than the HMW-EPS fraction. Optical reflectometry, used to monitor the adsorption of each fraction
on a silica surface, revealed site-blocking effects in mixed EPS: the LMW and MMW EPS first
adsorbed to the surface due to higher diffusivities and faster mass transfer to the interface, while
the HMW-EPS were slowly transported but were attached to the surface irreversibly and stronger
than the LMW/MMW-EPS. We propose from this, a mixed EPS adsorption mechanism: extended
anionic polymer tails in solution, thereby enhancing particle flocculation.
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1.

Introduction

The coagulation/flocculation process has been employed for centuries as a simple and effective way
to destabilise, agglomerate and remove particles from water and wastewater. Currently, this
process is widely achieved with the use of inorganic coagulants and fossil-based organic flocculants.
Flocculants are particularly important because they are efficient at low dosages and able to form
strong flocs [1]. However, most synthetic flocculants biodegrade poorly and some of the
degradation products/monomer residues are toxic, with acrylamide from polyacrylamide as a wellknown example [1].
As an alternative, bioflocculants have gained increasing attention for water treatment due to their
biodegradability, non-toxic property, and effective flocculation performances sometimes
comparable with synthetic flocculants [2–6]. Quite recently, microbial extracellular polymeric
substances (EPS) are being explored as promising bioflocculants due to their relatively high
molecular weight [6–8]. EPS are products of microbial biochemical secretions and may either be
produced by pure or mixed cultures. The usual approach is the enrichment of pure cultures with
single organic substrates (such as glucose) to obtain a single type of EPS, usually polysaccharides
[7,9–11]. Although this strategy produces biodegradable EPS, the disadvantage is that it necessitates
sterile conditions and expensive carbon sources. On the contrary, a mixed-culture approach requires
no sterility and can be fed with low-cost feedstocks such as organic wastewater. One outcome of
the mixed-culture approach is the production of a heterogeneous and heterodispersed EPS matrix,
comprising different compounds with different molecular weights (MWs) and charge densities (CDs)
[6,12]. These two characteristics (MW and CD), especially the former, govern the flocculation
process and performance of anionic flocculants such as EPS [13]. Previous studies reported
wastewater-produced EPS to comprise a mixture of varying MWs [6,12,14,15], which according to
Bolto and Gregory [16], can be generally classified as high (˃ 1000 kDa), medium (100 – 1000 kDa)
and low (˂ 100 kDa) MW fractions.
High MW polymers have been reported to favour polymer bridging between particles since such
molecules expand further in suspension (>> 50 nm [17]), escape the electrostatic field of the
attached particle (generally < 50 nm at ionic strengths in wastewater [17]), adsorb on other particles
and result in big and fast-settling flocs [13]. However, very high MW (typically > 15 MDa) can have
an adverse effect on adsorption and flocculation. Such polymers tend to have fewer chains per gram
(specifically for linear polymers), a higher chain entanglement and result in a highly viscous polymer
solution that is poorly distributed in suspension [18]. In the last few decades, the use of polymer
mixtures, especially dual-polymer systems (low and high MW or medium and high MW polymers)
has gained considerable interest due to some significant advantages over the use of single-type
polymers [13]. The studied dual-polymer systems typically involved a cationic low MW polymer and
a subsequent anionic high MW polymer [13,19–21]. The advantage of this approach is the
synergistic effect of two flocculation mechanisms – charge neutralisation by the cationic polymer
and bridge formation by the anionic polymer [13,19]. While the polycation adsorbs to the particles
via electrostatic interaction, it also provides adsorption sites for the polyanion to form bridges with
itself and other particles [13]. For instance, Yu and Somasundaran [19] showed that by pre121
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adsorbing polydiallyldimethylammonium chloride (pDADMAC, 240 kDa) on alumina particles, the
subsequent adsorption of polyacrylic acid (PAA, 100 kDa) was enhanced and the settling rate tripled
compared to the addition of pDADMAC alone. In the same vein, Fan et al. [22] reported that the use
of a dual polymer system (cationic Percol, 1.8 MDa and anionic PAA, 10 kDa) increased the turbidity
removal efficiency of alumina particles by 11 - 15 % compared to the sole use of PAA, and by 30 - 33
% compared to the use of Percol.
Wastewater-produced EPS comprise a mixture of different MW fractions (mixed EPS consisting of
high, medium and low MW fractions) and have also been reported to show excellent flocculation of
particles with performances comparable to some synthetic flocculants such as anionic
polyacrylamide [6]. Due to the net negative charge of EPS [6], polymer bridging (particularly divalent
cationic bridging) has been proposed and reported as the flocculation mechanism – a phenomenon
also found in synthetic anionic flocculants [16,23]. However, there has been no report on the role
of each MW fraction on the overall flocculation mechanism. More so, the use of (synthetic) polymer
mixtures composed of anionic polymers is yet to be studied. The advantage of such mixtures (and
in this case, mixed EPS) may be the synergistic effect of these MW fractions on single or mixed
suspensions or the ability of different fractions to selectively adsorb to different particles in a
mixture. We conjectured that in the presence of di/multi-valent cations, the low MW (LMW) EPS
fraction would (preferentially) adsorb to the smaller particles in a mixture while the high MW
fractions will bridge to the tails of the adsorbed LMW EPS and adsorb to the bigger particles.
To study polymer adsorption in a controlled system, optical reflectometry has been reported as an
effective technique [24–26]. With this technique, we can monitor the in situ adsorption of polymers
on a flat reflective surface in a stagnation point flow cell. Due to its high sensitivity and controlled
hydrodynamic condition, it is possible to determine (low) amounts of adsorbed polymers and to
characterise the kinetics of adsorption. As reported by Wågberg and Nygren [26], the combination
of optical reflectometry with flocculation measurements can be very powerful in gaining insights
into the working mechanism of flocculants.
This study, for the first time, investigates the effect of the different MW fractions of EPS on single
and dual clay (kaolinite and montmorillonite as models) particle flocculation and mechanism of
flocculation. We imagined that mixed EPS would better flocculate a mixture of particles than a single
MW EPS. Optical reflectometry was used to observe the in situ adsorption of the different MW
fractions on a flat silica surface, from which we could determine the adsorption affinity and kinetics
of each fraction and mixtures of fractions. From these experiments, we elucidated the mechanism
on how the various MW fractions of EPS adsorb to single and dual clay mixtures.
2.

Materials and method

2.1.

Production, harvesting and fractionation of EPS

A submerged membrane bioreactor (MBR) with a working volume of 3.3 L was operated to produce
EPS. The MBR operation, wastewater composition (fresh wastewater consisting of glycerol and
ethanol at a COD/N ratio of 100) and EPS yield have been thoroughly described elsewhere [27].

122

122

Bioflocculants from wastewater

During the steady-state reactor operation, soluble (S)-EPS were harvested from the reactor content,
having been reported to be the major EPS fraction (62 - 77 wt%) when operating a reactor under
nitrogen-limited conditions [27]. S-EPS were harvested via centrifugation: 1000 mL sludge was
centrifuged at 17000 g and 4 °C for 1 h, after which the supernatant containing the S-EPS
(henceforth called ‘mixed EPS’ in this Chapter) was dialysed (tubular dialysis membrane, 12 - 14
kDa molecular weight cut-off, MWCO – Spectra/Por 2) against demineralised water to remove salts
and ultra-low MW compounds.
Dialysed mixed EPS were size-fractionated into three MW fractions (Fig. 1) using membrane filters
(with different MWCO) fitted in Amicon® dead-end filtration cells operated at 2.5 bars. The first
filtration was performed using a 0.1 µm hydrophilic polyethersulfone membrane disc (Pall
Corporation, Supor®). The retentate was collected by carefully scraping and washing (with
demineralised water) the biopolymer film on the membrane. The permeate was further filtered
using a 100 kDa polysulfone membrane (Microdyn Nadir PM US100) and the retentate and
permeate were collected separately. The 0.1 µm membrane retentate, 100 kDa membrane
retentate and 100 kDa membrane filtrate were classified as high, medium and low MW (HMW,
MMW and LMW) EPS fractions, respectively. Each fraction and the mixed EPS were frozen at -80 °C
and freeze-dried.

Fig. 1. Mixed EPS fractionation into the three molecular weight fractions – high, medium and low molecular
weight fractions.

2.2.

EPS characterisation

2.2.1. Molecular weight and charge density measurement
The mixed EPS and its fractions were further analysed for MW using liquid chromatography-organic
carbon detection (LC-OCD – model 8, DOC-LABOR, Germany). The detailed method has been
described by Ajao et al. [27]. Prior to the analysis, each sample was dissolved in Milli-Q water and
passed through a 0.45 µm hydrophilic polytetrafluoroethylene filter.
The CDs were determined by colloid titration using a Mütek Particle Charge Detector (PCD03,
Germany) described by Tan et al. [28] and a titration procedure explained by Ajao et al. [6]. The CDs
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were determined at a sample solution pH of 7.0 ± 0.1 (because the clay suspensions were prepared
at this pH) and calculated from the titrant (pDADMAC) consumption according to the equation:
𝑞𝑞 =

𝑐𝑐∗𝑉𝑉
𝑚𝑚

(1)

where q is the specific charge quantity (eq/g), c is the titrant concentration (eq/L), V is the consumed
titrant volume (L), and m is the mass of the sample (g).
2.2.2. Functional group determination
Fourier transform infrared spectroscopy (FTIR) was carried out on the freeze-dried EPS samples
using an IRTracer-100 spectrometer (Shimadzu, Japan) with a scanning range of 4000 - 450 cm-1 for
40 scans at a spectral resolution of 4 cm-1.
2.2.3. Total protein and polysaccharide quantification
Previous studies under the same conditions reported polysaccharides and proteins as the main
components of (soluble) EPS [27,29]. Hence, each component was measured colorimetrically to
determine the total protein and polysaccharide content.
The total protein content of the dried EPS samples was determined using a bicinchoninic acid (BCA)
assay kit (Thermo Scientific, USA). The assay was performed in a microplate, where 25 µL of EPS
solution (dissolved in a phosphate buffer saline, pH 7.4 [27]) or bovine serum albumin, BSA (used
as a standard protein) was mixed with 200 μL of BCA working reagent and incubated at 37 °C for
30 min. Afterward, the absorbance was measured at 570 nm using a spectrophotometer (Victor3
1420 Multilabel Counter, Perkin Elmer, USA).
Total polysaccharides were quantified using the phenol-sulphuric acid method described by Dubois
et al. [30], using glucose as the standard sugar. Absorbance was measured at 490 nm in the
spectrophotometer mentioned above.
2.3.

Clay characteristics and flocculation tests

Flocculation tests were carried out in a jar test flocculation unit, as described by Ajao et al. [8].
Naturally occurring kaolinite (purchased from Sigma-Aldrich, Netherlands) and montmorillonite
(purchased from VWR, Netherlands) were used as model particles. These clay particles were
selected due to their different characteristics (Table 1), to mimic mixed particles in natural
environments. Although kaolinite is the most common clay in many mining and oil sand operations,
other clay types such as montmorillonite are also major components [31]. Montmorillonite behaves
differently from kaolinite because of its swelling character, which is attributed to the Na+ and Ca2+
exchange on the clay surface. The swollen clay retains much water and contributes to the poor
dewaterability of tailings ponds [31]. For this reason, montmorillonite suspensions are also
important model systems to investigate.
We investigated the potential of the harvested mixed EPS, its fractions and the combination of
fractions to flocculate single and dual clay mixtures. For this purpose, three clay suspensions (a
working volume of 100 mL) were prepared: (i) 5 g/L kaolinite suspension, as extensively used in
124
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several studies to determine the flocculation performance of EPS [8] (ii) 1.5 g/L montmorillonite
suspension [32] – a lower montmorillonite concentration was used due to its swelling property, and
(iii) a mixture of kaolinite and montmorillonite (1.5 g/L each). Each suspension was prepared in MilliQ water, stirred overnight and neutralised to pH 7 by adding a few drops of NaOH. EPS samples
were also dissolved in Milli-Q water at a concentration of 0.1 g/L.
Table 1. Clay characteristics.
Kaolinite
(Al2O3∙2SiO2∙2H2O)

Montmorillonite
(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2∙nH2O

1:1 clay: 1 silica tetrahedral sheet and
1 alumina octahedral sheet

2:1 clay: 2 silica tetrahedral sheets and 1 alumina
octahedral sheet

Layers held by hydrogen bond – restricts expansion

Layers held by van der Waals bond

Low swelling capacity

High swelling capacity

Low cation exchange capacity, ( ̴ 0.09 meq/g)

High cation exchange capacity ( 1̴ meq/g) [33]

Volume-based particle size: 2.93 ± 1.51 µm a

Particle size (after swelling): 5.97 ± 2.51 µm a

Surface area (BET): 7.52 m2/g b

Surface area (BET): 25.68 m2/g b

Total pore area (NLDFT): 5.75 m2/g b

Total pore area (NLDFT): 19.10 m2/g b

Particle size was measured using a DIPA 2000 (Doner Technologies, Israel).
Surface area and porosity were determined using a Micromeritics Tristar 3000 (USA). The detailed method has been
described by Suresh Kumar et al. [34]. BET: Brunauer-Emmett-Teller; NLDFT: Non-Local Density Functional Theory.
a
b

First, we determined for each EPS fraction and the mixed EPS the optimum concentration required
to best flocculate each clay. (As shown later in Section 3.5.1, the flocculation tests were carried out
in a ‘starved’ polymer regime, i.e., an excess particle surface area compared to the polymer dosage.)
From this result, the best performing EPS fractions, different combinations of fractions and the
mixed EPS were investigated for mixed particle flocculation. In all the tests, 100 mg/L Ca 2+ (from
CaCl2∙2H2O) was added as a coagulant to reduce the electrostatic repulsion between the negatively
charged clay particles and to facilitate bridging between the anionic particles and EPS [6,27]. (About
this Ca2+ concentration is frequently observed in natural waters.) Supernatant turbidity after
flocculation was measured with a turbidimeter (2100N IS, Hach) in Nephelometric Turbidity Units
(NTU). Flocculation efficiency (FE) was calculated as follows:
𝐹𝐹𝐹𝐹 (%) =

𝑁𝑁𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑁𝑁𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(2)

where NTUcontrol is the turbidity value of the control experiment (without EPS addition but with Ca2+
addition), and NTUtest is the turbidity value of test experiment (with Ca2+ and EPS added). The
supernatant was also analysed with LC-OCD to measure the biopolymer organic carbon [6] that was
not adsorbed in the flocs (supernatant-phase EPS concentration or non-adsorbed EPS
concentration), and by subtracting this from the total dosed EPS concentration, we obtained the
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fraction of EPS adsorbed (adsorbed EPS). Additionally, the zeta (ζ) potential of the supernatants,
clay suspensions and EPS were calculated from electrophoretic measurements (Malvern
Mastersizer 2000, UK) using the Smoluchowski equation [35]. It is important to note that the ζ
potential is not affected by the clay concentration [35]. All experiments and analyses were done in
at least duplicates.
2.4.

Optical reflectometry test

A stagnation point optical reflectometer (manufactured by the Laboratory of Physical Chemistry and
Soft Matter, Wageningen University and Research, Netherlands) was used to determine the
adsorbed amount and build-up behaviour of the EPS fractions. A full description of the device and
its underlying theory have been thoroughly described elsewhere [24,36], but in the supplementary
information, there is a description of the stagnation point region. Reflectometry is an optical
technique used to observe the in situ adsorption of molecules on an optically flat surface, such as a
silicon wafer. The changes in signal measured upon adsorption on the surface (ΔS) is directly
proportional to the adsorbed amount, Γ (mg/m2) according to the equation:
𝛤𝛤 = 𝑄𝑄𝑓𝑓

∆𝑆𝑆
𝑆𝑆0

(3)

where S0 is the starting output signal of the bare silicon wafer, ΔS = S - S0 is a change in the signal
upon adsorption on the surface, and Qf (mg/m2) is the sensitivity factor, calculated with the Prof.
Huygens v1.3 program (Dullware software) using the refractive index increments (dn/dc) of the
adsorbate (in this case, EPS). To determine the dn/dc, the refractive indexes (n) of mixed EPS at
different concentrations (c = 0.5, 1.0, 2.5, 5, 10, 15, 20 g/L; dissolved in Milli-Q water) were
measured at room temperature (21 ± 1 oC) using a J47 refractometer (Rudolph, USA). The dn/dc,
which is the slope of n versus c was obtained as 0.135 mL/g (see supplementary information, Fig.
S1), a value close to that of poly(ethylene oxide), the most studied polymer in optical reflectometry
(dn/dcpoly(ethylene oxide) = 0.134 mL/g).
Since both kaolinite and montmorillonite clays (and most clay particles) are silica-based, the
reflectometry tests were performed on a silica surface, which is largely representative of most clay
types. Silicon wafers (obtained from Wafernet, USA) were heated at 1000 oC for 1 h to form an oxide
layer of silica. The oxidised wafers with a silica layer thickness of 70 ± 10 nm (measured by
ellipsometry) were cut into strips of approximately 1 x 4 cm2, immersed in a freshly prepared piranha
solution (1 part of 30% H2O2 and 3 parts of 95% H2SO4) for 20 minutes and rinsed in Milli-Q water.
Each adsorption measurement typically involved a wafer being placed in the reflectometer cell,
rinsed with a solvent (200 mg/L Ca2+, except stated otherwise) to establish the baseline signal (S0),
followed by the introduction of an EPS sample solution and its adsorption was monitored, in most
cases, until a plateau was reached. In some cases, this was followed by rinsing with the same solvent
until a new plateau was reached, and in other cases, another EPS sample solution was directly
introduced. All reported values were calculated based on the amounts that remained adsorbed on
the surface after rinsing with the solvent (referred to as the irreversible adsorbed amounts) unless
mentioned otherwise. All EPS samples were tested at pH 7.
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3.

Results

3.1.

EPS characteristics

3.1.1. Composition and functional groups
FTIR analysis was carried out to compare the chemical composition of the mixed EPS (the harvested
soluble-EPS) and its fractions (Fig. 2). The mixed EPS, HMW EPS and MMW EPS showed similar
absorption bands (interpreted in Table 2), revealing the presence of polysaccharides and proteins
as the main components. Although this FTIR analysis mainly gives qualitative information, a clear
difference is observed between the LMW EPS spectrum and the other spectra. The typically broad
and sharp O–H stretching vibrations at around 3282 cm-1 was rather obscure for the LMW EPS.
Similarly, the band at 1018 cm-1 (C–O–C asymmetric stretching) was noticeably smaller in the LMW
EPS spectrum compared to the other spectra that have sharp and distinct peaks. These two groups
are associated with carbohydrates, suggesting that the LMW EPS have a much lower polysaccharide
content than the MMW and HMW fractions (confirmed later by other characterisation techniques).
On the other hand, the amide III band at 1396 cm-1 was more conspicuous in the LMW EPS spectrum
than the other spectra, signifying a higher protein content in the LMW EPS than the other EPS
fractions. The fingerprint region between 866 and 650 cm-1 (found only in the LMW EPS spectrum)
is associated with the ring vibrations from aromatic amino acids and nucleotides [37].

Fig. 2. FTIR spectra of mixed EPS and its fractions – HMW (high molecular weight), MMW (medium molecular
weight) and LMW (low molecular weight).
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Table 2. Band assignment for the FTIR spectral features of mixed EPS and its fractions [37–39].
Wavenumber (cm-1)

Functional group assignment

3282

O–H stretching vibrations

2906

C–H stretching vibration

1716

C=O stretching vibration of protein amide I band

1610

Out-of-phase N–H bending and C–N stretching vibrations of protein amide II band

1396

In-phase N–H bending of protein amide III band

1365

C=O symmetric stretching of –COO- groups

1232

C–O stretching of alcohol

1018

C–O–C asymmetric stretching of ester linkage of polysaccharides

866-654

Ring vibrations from aromatic amino acids and nucleotides

Further quantification of the total polysaccharide and protein content is given in Table 3. The mixed
EPS were composed of about 76 wt% biopolymers and the remaining 24 wt% accounts for nonbiopolymeric components such as building blocks, low molecular weight acids and neutrals [6]. Out
of the 76% biopolymers, 65 ± 3 wt% were polysaccharides and the remaining 11 ± 2 wt% were
composed of proteins. The polysaccharides could be further fractionated into approximately 36 wt%
HMW, 28 wt% MMW, and 3 wt% LMW fractions (MW characterisation on Table 3). The reverse
trend was observed for the protein fractionation, which is consistent with the FTIR result in Fig. 2:
out of the 11 wt% EPS proteins, the fractions comprised 3 wt% HMW, 4 wt% MMW and 5 wt% LMW
proteins. Hence, the order of the polysaccharide/protein ratio was HMW ˃ MMW ˃ LMW (Table 3).
Apparently, polysaccharides were the main constituents in the high and medium MW EPS fractions
while the LMW EPS fraction contained more proteins than polysaccharides.
3.1.2. Molecular weight and charge density
The average MW of the mixed EPS and its fractions are also presented in Table 3. The high MW of
the mixed EPS (1.7 MDa) is similar to that previously reported [27], showing the possibility to obtain
consistent EPS MW under similar operational conditions. A further size-fractionation of the mixed
EPS reveals that the high, medium and low MW fractions have average MW values of 1.99, 0.78
and 0.13 MDa, respectively. The obtained MW value for the smallest EPS fraction (0.13 MDa) was
however higher than the membrane’s MWCO (0.1 MDa), indicating that some pores were larger
than the manufacturer’s reported average MWCO.
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Table 3. Properties of mixed EPS and its fractions – HMW (high molecular weight), MMW (medium molecular
weight) and LMW (low molecular weight). Polysaccharides and proteins values are mean ± standard deviation
of triplicate assays. Values of MW and CD are mean ± standard deviation of duplicate measurements.
Parameter

Mixed EPS

HMW EPS

MMW EPS

LMW EPS

Polysaccharide content a (g/g EPS)

0.65 ± 0.03

0.36 ± 0.04

0.28 ± 0.03

0.03 ± 0.00

Protein content b (g/g EPS)

0.11 ± 0.02

0.03 ± 0.01

0.04± 0.01

0.05 ± 0.01

Polysaccharide/protein ratio

6

12

7

0.6

Average molecular weight (MDa)

1.68 ± 0.15

1.99 ± 0.05

0.78 ± 0.03

0.13 ± 0.01

Charge density at pH 7 (meq/g)

5.10 ± 0.15

6.46 ± 0.12

5.12 ± 0.12

1.30 ± 0.11

5

a
b

based on glucose equivalent units.
based on BSA equivalent units.

Each MW fraction possesses functional groups (particularly carboxyl and amine groups from
polysaccharides and proteins) that are responsible for their charge. The charge density (CD) values
in Table 3 are directly proportional to the polysaccharide/protein ratios: the HMW EPS with the
highest ratio (12) have the highest CD value (6.46 meq/g). Likewise, the LMW EPS have the lowest
CD value (1.30 meq/g). These findings imply that the EPS polysaccharides (with functional groups
–OH and –COO-) gave a higher contribution to the anionic CD than the proteins (with functional
groups –NH2 and –COO-), which is consistent with other studies [27,40].
3.3.

Flocculation in single clay systems

Flocculation tests were performed on kaolinite and montmorillonite suspensions separately, with
the addition of 100 mg/L Ca2+ as a coagulant. A preliminary test without Ca2+ addition showed no
flocculating effect and even led to negative flocculation efficiency values. The flocculation
efficiencies of mixed EPS and its fractions toward these clay particles, in the presence of Ca 2+, are
given in Fig 3A and B. Clearly, the sole use of the LMW EPS showed poor flocculation of both
kaolinite and montmorillonite particles. Above 0.5 mg LMW EPS/g kaolinite (1.0 - 20.0 mg/g
kaolinite – results not shown), negative flocculation efficiencies were even obtained. At the
optimum dosage of 0.2 mg/g kaolinite and 1.0 mg/g montmorillonite, the maximum flocculation
efficiencies with LMW EPS were only 12% and 19%, respectively. In contrast, the MMW, HMW and
mixed EPS exhibited good flocculation of kaolinite particles with average efficiencies of 87.4, 93.9,
and 92.9 % respectively, each at an (estimated) optimum dosage of 0.1 mg/g kaolinite. Above this
dosage, flocculation performances decreased, likely caused by the restabilisation of clay particles at
concentrations above the optimum. Although the HMW EPS showed the highest efficiency with
kaolinite (93.9%), the performance of mixed EPS was not significantly lower (92.9%).
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Fig. 3. Flocculation performances of mixed EPS and its fractions (with 100 mg/L Ca2+) on kaolinite (A) and
montmorillonite (B) clays.
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Fig. 4. The dosed mixed EPS concentration compared to the adsorbed mixed EPS concentration. (A) Kaolinite
flocculation, (B) montmorillonite flocculation.

With montmorillonite, higher flocculation efficiencies were obtained compared to kaolinite. The
highest average performances of the MMW, HMW, and mixed EPS were 98.3, 98.9, and 97.7 %,
respectively, at a dosage of 0.5 mg/g montmorillonite. Above this dosage, up to 2.5 mg/g, the
flocculation efficiencies remained relatively constant for each EPS type. Thus, in contrast to
kaolinite, the restabilisation effect was not observed with montmorillonite at higher dosages.
The relationship between the dosed and adsorbed mixed EPS concentrations are presented in Fig.
4. At EPS dosages above 0.5 mg/g clay, an increasing surface saturation starts to become apparent
since the amount adsorbed becomes significantly smaller than the amount dosed. The adsorbed
EPS concentrations required to achieve the best flocculation performance were 0.09 mg/g kaolinite
and 0.46 mg/g montmorillonite. These two values are close to the dosed mixed EPS concentrations

130

130

Bioflocculants from wastewater

of 0.1 mg/g kaolinite and 0.5 mg/g montmorillonite, respectively, demonstrating that, at the
optimum dosages, 90% of the dosed mixed EPS was adsorbed on the kaolinite flocs and 92% was
adsorbed on the montmorillonite flocs. These adsorbed concentrations (0.09 mg/g kaolinite and
0.46 mg/g) correspond to surface coverage areas of 0.012 mg/m2 kaolinite and 0.018 mg/m2
montmorillonite (using the BET values on Table 1). The higher coverage area for montmorillonite
may have contributed to the higher flocculation performance compared to kaolinite flocculation
performance.
3.4.

Dual clay flocculation

The optimum flocculation dosages of each EPS fraction on kaolinite and montmorillonite were used
to flocculate a 1:1 mixture of both clays (1.5 g/L each). Additionally, flocculation tests were carried
out to determine the optimum concentrations for the mixed particles. The results are presented in
the Supplementary information – Table S1. The main findings, illustrated in Fig. 5, show the effect
of different EPS mixtures on mixed particle flocculation. With the HMW EPS (0.5 mg/g), a
flocculation efficiency of 95.7% was achieved. At an equal dosage of the LMW and HMW EPS
fractions (0.5 mg/g each), the efficiency was 96.2%. At equal concentrations (0.25 mg/g each) of
the MMW and HMW EPS, the flocculation performance was 98%, and with the harvested mixed
EPS, the efficiency was 98.7% at a dosage of 0.25 mg/g. These results show that, with a mixture of
MW fractions, the flocculation of mixed clay particles could be increased compared to using a single
MW fraction (HMW EPS). Furthermore, the lower dosage required by the mixed EPS compared to
the single MW fraction and the dual EPS mixtures is beneficial from a practical point of view.
100%

Flocculation efficiency

98.0%

95.7%

98.7%

96.2%

95%

90%

HMW EPS (0.5
mg/g)

LMW+HMW EPS
(0.5 mg/g each)

MMW+HMW EPS
(0.25 mg/g each)

Mixed EPS (0.25
mg/g)

Fig. 5. Flocculation performance of mixed EPS and its fractions (with 100 mg/L Ca2+) on a 1:1 mixture of
kaolinite and montmorillonite clays at the optimal EPS concentrations.
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3.5.

EPS adsorption on a silica surface

While the jar tests of the clay particles provide useful information on the flocculation performances
of the EPS (fractions), other important parameters such as the adsorption kinetics and the
understanding of how each EPS fraction contributes to particle adsorption cannot be obtained by
jar tests, hence optical reflectometry was employed (described in Sections 1 and 2.4).
3.5.1. Effect of calcium concentration
Since both the silica surface and EPS (fractions) were negatively charged, the addition of cations,
especially divalent cations, was needed to reduce the electrostatic repulsion. Hence, the
adsorption tests were carried out for all the EPS samples dissolved in a CaCl 2∙2H2O solution.
First, we established the optimum Ca2+ concentration needed for maximum irreversible adsorption
(undesorbed EPS after rinsing the silica surface with the solvent) of EPS on the silica surface. Fig. 6
shows the adsorbed amount of mixed EPS at different Ca 2+ concentrations – 100, 200, and 400
mg/L Ca2+ (i.e. 2.5, 5 and 10 mM Ca2+, respectively). In 200 mg/L Ca2+, the highest adsorbed amount
(Γ) of EPS (1.1 mg/m2) was obtained and the adsorption was irreversible. This Ca 2+ concentration
was also obtained by Zhu et al. [41] as the optimum concentration for EPS deposition on silica using
quartz crystal microbalance with dissipation (QCM-D), in lieu of an optical reflectometer.
Lower adsorbed amounts (Γ = 0.6 mg/m2 each) were obtained in the 100 and 400 mg/L Ca 2+
solutions. This suggests that in both solutions, there was insufficient Ca 2+ available for binding
between the EPS and the silica surface. In the 100 mg/L Ca 2+ solution, the adsorption reached an
equilibrium faster than the other two solutions (Fig. 6). However, the maximum adsorbed amount
of 1.1 mg/m2 was not attained, perhaps due to insufficient Ca2+ to form complete polymer-surface
bridges. On the other hand, above the optimum Ca2+ concentration required for adsorption (in the
case of 400 mg/L Ca2+), Lee et al. [42] described the occurrence of polymer-polymer binding instead
of polymer-surface binding, which hampers the irreversible anchoring of polymers to surfaces
(illustrated in Fig. 7). This phenomenon was substantiated by the desorption that occurred after
the solvent injection in Fig. 6 (the vertical grey line).
It is worth mentioning that the optimum Ca2+ concentration and EPS surface coverage areas for the
reflectometry and flocculation tests are different because, while the former involves an ‘overdose’
polymer regime, the latter operates in an ‘underdose’ or ‘starved’ polymer system. In
reflectometry, the maximum adsorbed amount (a fully covered surface) is measured while in the
flocculation process, a low surface coverage (low adsorption density) is needed [13] because a
polymer adsorbed on one particle should be able to find a free spot on another particle. Comparing
the optimum concentration of mixed EPS adsorbed on the clay particles (0.012 mg/g kaolinite and
0.018 mg/g montmorillonite – section 3.3) with the maximum adsorbed amount (Γ) on the silica
surface (0.6 mg/m2 at 0.5 g/L EPS and 100 mg/L Ca2+), the optimal mixed EPS surface coverage for
good flocculation was about 2% for kaolinite and 3% for montmorillonite.
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0.5g/L mixed EPS + 200 mg/L Ca
0.5g/L mixed EPS + 400 mg/L Ca
0.5g/L mixed EPS + 100 mg/L Ca

Fig. 6. Adsorbed amounts of mixed EPS dissolved in solutions of different Ca2+ concentrations on a silica
surface. The black arrow is the point of EPS injection after establishing the baseline with the solvent (Ca 2+
solution); the coloured vertical lines are the points of solvent injection after EPS adsorption on the surface:
blue line for 100 mg/L Ca2+, grey line for 400 mg/L Ca2+ and red line for 200 mg/L Ca2+.

Fig. 7. Lee et al.’s [42] illustration of anionic polymer adsorption on kaolinite for two different types of
divalent cationic bridging (flocculation and stabilisation).

3.5.2. Adsorption of mixed EPS and its fractions
At the optimum Ca2+ concentration (200 mg/L Ca2+), varying concentrations of mixed EPS (0.1 - 2.0
g/L) were adsorbed on the silica surface to establish an adsorption isotherm. Fig. S2 (see
supplementary information) shows that the isotherm reached a plateau at EPS concentrations
above 0.5 g/L, with no significant difference in the adsorbed amounts at these concentrations (~ 1.1
mg/m2). Hence, 0.5 g/L was used as the optimum EPS concentration (for the study of the maximum
adsorbed amounts by reflectometry) for the mixed EPS, and also the HMW and MMW EPS since
these three EPS types had the same optimum flocculation dosage (0.1 mg/g kaolinite and 0.5 mg/g
montmorillonite).
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Table 4. Adsorbed amounts (Γ) of mixed EPS and its fractions on silica surface in the presence of 200 mg/L
Ca2+. Unless otherwise stated (denoted as a), all Γ values were taken after solvent injection (irreversible
adsorbed amounts). Hence, values with the superscript ‘a’ are those before the solvent injection.
EPS (fraction)

EPS concentration
(g/L)

Ca2+ concentration
(mg/L)

Γ
(mg/m2)

Γ
(µeq/m2)

Mixed EPS

0.5

200

1.07

5.43

HMW EPS

0.5

200

0.79

5.07

MMW

0.5

200

1.00 a

MMW

0.5

200

0.42

LMW

0.5

200

1.50 a

LMW

0.5

200

0.00

LMW

1.0

200

2.78 a

LMW

1.0

200

0.49

LMW, then HMW

1.0, 0.5

5

0.49 a, 1.20

a

2.15

0.64

Adsorbed amount before solvent (200 mg/L Ca2+) injection.

Each EPS fraction had a lower irreversible adsorbed amount than the mixed EPS. The HMW, MMW
and LMW EPS had irreversible Γ values of 0.79, 0.42 and 0.49 mg/m2 at concentrations of 0.5, 0.5
and 1 g/L, respectively, (Table 4). Out of these three fractions, only the HMW EPS did not desorb
significantly after rinsing with the solvent (Fig. S3). The MMW-EPS (at a concentration of 0.5 g/L)
desorbed from 1.0 to 0.42 mg/m2 (Fig. 8) while the 0.5 g/L LMW EPS was completely desorbed (from
1.5 mg/m2 before solvent injection to 0 mg/m2 after solvent injection). However, the adsorbed
amount of LMW EPS was concentration-dependent. At 1 g/L, about 2.8 mg/m2 of LMW-EPS was
adsorbed on the silica surface, out of which 0.49 mg/m2 was irreversible (Fig. 9). Hence, 82% of the
initial adsorbed amount was desorbed as opposed to 58% for the MMW-EPS.
Each EPS fraction also displayed different adsorption rates, in the order LMW EPS > MMW EPS >
HMW EPS (Table 5). The LMW EPS (composed of short polymeric chains relative to the other
fractions) were rapidly deposited on the silica surface, with an initial adsorption rate, [dΓ/dt]0 of
0.41 mg/m2/s, followed by the MMW EPS with a [dΓ/dt]0 of 0.096 mg/m2/s. The [dΓ/dt]0 of the HMW
EPS and the mixed EPS were much lower (0.0004 mg/m2/s for the HMW EPS and 0.0012 mg/m2/s
for the mixed EPS).
To obtain more information on the adsorption mechanism, we compared the initial adsorption rate,
[dΓ/dt]0 with the rate at which the polymers arrived at the interface (silicon wafer), given by the
theoretical flux (J) [36]. When at the initial stage of the adsorption process, all the molecules that
arrive the interface do adsorb, then [dΓ/dt]0 = J. Table 5 shows that both the initial adsorption rate
and the theoretical flux are inversely proportional to the MW (and most likely, the chain length) of
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the EPS fractions. About 85% of the LMW EPS molecules and 81% of the MMW EPS molecules that
arrived at the interface adsorbed while only 0.4% of the HMW EPS molecules were adsorbed.
It is worth mentioning that each of the EPS fractions (LMW, MMW and HMW) was somewhat
polydisperse and the mixed EPS was very polydisperse. As J is directly proportional to the diffusion
coefficient D, this means that small molecules (with a relatively high D) arrive at the surface first and
thus, the adsorption kinetics is dominated by the smallest molecules within the EPS fraction.
However, D was determined by dynamic light scattering (see supplementary information) and this
technique is governed by the largest (and slowest) molecules because these scatter light the most.
Hence, it is possible that we underestimated the flux of the molecules towards the surface and
overestimated the percentage of polymers that adsorbed at the interface. However, we may safely
conclude from the results in Table 5 (specifically from the percentage of EPS fractions adsorbed at
the interface) that the adsorption kinetics of the LMW and MMW EPS fractions were (at least) mass
transport-limited, while the adsorption kinetics of the HMW EPS fraction must have been limited by
other factors aside mass transport, such as the unfolding of the polymer or conformational
transitions [13].
Table 5. The initial adsorption rate, [dΓ/dt]0 and the rate at which each EPS fraction arrived at the interface
(theoretical flux, J).
EPS
(fraction)

Initial adsorption rate, [dΓ/dt]0
(mg/m2/s)

Theoretical flux, J
(mg/m2/s)

% of EPS adsorbed
at the interface (%)

LMW EPS

0.41

0.48

85

MMW EPS

0.096

0.12

81

HMW EPS

0.0004

0.10

0.4

Fig. 8. Adsorption of HMW EPS fraction (0.5 g/L) on pre-adsorbed MMW EPS fraction (0.5 g/L).
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Fig. 9. Adsorption of HMW EPS fraction (0.5 g/L) on pre-adsorbed LMW EPS fraction (1.0 g/L).

4.

Discussion

4.1.

Mixed EPS characteristics

Since bacterial EPS, particularly wastewater-produced EPS, are a heterogeneous mixture of
biomacromolecules, understanding the properties of each MW fraction is crucial in gaining insights
into their flocculation behaviour. We can determine if it is expedient to extract the individual
fractions (particularly the HMW fraction) for single or mixed clay flocculation or to use the produced
mixed EPS without further fractionation.
Having shown in previous studies that nitrogen limitation coupled with a relatively short solids
retention time (1 - 3 days) is essential for increased EPS recovery from wastewater [27,43], the
outcome of such a strategy, as also shown in this study, is the production of polysaccharide-rich
mixed EPS with low protein content (at least when glycerol/ethanol-rich wastewater is used as the
substrate). In addition, the results of this study reveal that about 93 wt% of the biopolymers are in
the high and medium MW range, from which 84% are polysaccharides. These two fractions (the
HMW and MMW EPS), majorly comprising polysaccharides, are largely responsible for the overall
high MW (1.68 MDa) and charge density (5.10 meq/g) of the mixed EPS (Table 3) and determine its
flocculation capacity. The MW of the produced mixed EPS tested in this study is within the range
(500 - 2000 kDa) reported for other exopolysaccharides such as alginate and xanthan gum [44].
Extracellular proteins, on the other hand, are typically in the LMW range (10 - 250 kDa) [27,45] and
have also been reported to play a critical role in flocculation [46]. Hence, the effect of protein-rich
LMW EPS fraction on particle adsorption could not be overlooked and was studied alongside the
polysaccharide-rich MMW and HMW EPS fractions.
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4.2.

Adsorption and flocculation of single clay particles

Preliminary flocculation tests done in the absence of Ca2+ showed, as expected, that EPS, having a
net negative charge, could not flocculate negatively charged particles (such as kaolinite and
montmorillonite) suspended in a medium of low ionic strength or one void of multivalent cations
[6,32,41]. This is due to the electrostatic repulsion between the polymer adsorption sites and the
clay particles according to the classical DLVO theory [6,41]. This phenomenon was confirmed with
the zeta (ζ) potential measurements in Table S2 (supplementary information), which demonstrate
that (i), the sole addition of EPS to the clay suspension did not increase the ζ potential value, as
would be the case for cationic polymers [47]. This implies that the interaction between clay particles
and EPS is governed by the presence of di/multivalent cations, whereby Ca2+, for instance, can
bridge between the anionic groups (COO- – Table 2) of EPS and the negative sites of the clay particles
[16]. (ii) Above the optimum EPS dosage, the ζ potential values decreased due to the increasing
concentration of non-adsorbed EPS in the supernatant (Fig. 4).
Above the optimum EPS dosage needed to flocculate the kaolinite particles, flocculation efficiencies
decreased (Fig. 3A). This phenomenon has also been reported for the flocculation of kaolinite with
excess anionic polyacrylamide [42]. During polyelectrolyte attachment to adsorption sites, bridges
are developed between polymers and particles via divalent cationic bridging or hydrogen bonding
[6,48]). Once the adsorption sites are occupied, higher polymer dosages result in higher
concentrations of non-adsorbed polymer molecules in solution [42], as seen in Fig. 4. The effect of
this is a reduction in particle flocculation because polymer-polymer bridges (which lead to
stabilisation) become more dominant than polymer-particle bridges (which lead to flocculation), as
illustrated in Fig. 7 [42]. Polymers with a relatively high CD (as found in the MMW, HMW and mixed
EPS – Table 3) are more susceptible to this effect due to the presence of unoccupied sites that can
engage in intramolecular bonding [6,27,42].
As regards montmorillonite flocculation with MMW, HMW and mixed EPS, colloid restabilisation did
not occur at the tested dosages of 0.5 - 2.5 mg/g (Fig. 3B). A similar outcome has also been reported
for montmorillonite and bentonite (the major fraction of bentonite is montmorillonite [49])
flocculation with anionic polyacrylamide [49], cationic polyacrylamide [32], non-ionic guar gum,
non-ionic hydroxypropyl guar gum and cationic hydroxypropyl guar gum [50]. This implies that the
absence of restabilisation in montmorillonite at increased polymer dosages is likely not governed
by the polymer type, polymer charge or charge density but more related to the clay property. A
possible explanation is the high cation exchange capacity of montmorillonite (Table 1), whereby Ca2+
(used as the coagulant in this study) can replace Na+ in the clay, thereby increasing
montmorillonite’s adsorption sites for polymer-particle bridging, instead of polymer-polymer
bridging that leads to stabilisation.
The LMW EPS (in the presence of 100 mg/L Ca2+) might have been confined within the electrostatic
repulsion layer because of their short polymeric chains [51], thus unable to effectively bridge
between particles, leading to poor flocculation performances. The reflectometry tests further
revealed that at low concentrations (˂ 1 g/L), LMW EPS rapidly but reversibly adsorbed to the silica
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surface. In general, it is easier for small molecules to desorb from a surface due to their low binding
affinity (as a result of their low adsorption energy per chain [36]), whereas, large polymers (with a
high adsorption energy per chain) are bound to a surface by several ‘trains’ [16]. For desorption to
occur, all trains of a chain must get loose at the same time, and the chance of this happening is
smaller with increasing polymer length. At high concentrations of the LMW-EPS fraction (≥ 1 g/L),
the bigger polymers in this fraction are large enough to be irreversibly adsorbed (Table 4).
In the same vein, the MMW, HMW and mixed EPS induced particle flocculation. Apparently, the
MW of these EPS types played significant roles in the flocculation process, especially when bridging
is the underlying mechanism. This agrees with literature that flocculation is driven by ‘high’ MW
components (˃˃ 100 kDa) that can expand into the bulk and bridge with particles [16,39]. As
observed in the adsorption tests, the mixed EPS and the HMW fraction were not desorbed after
the solvent rinse. This irreversible adsorption is due to the strong attachment of the long polymeric
and highly charged chains to the surface [36]. Although slow in the initial adsorption kinetics, the
HMW polymers have a higher binding to the surface than the fast-adsorbing LMW and MMW
fractions, and this may suggest that with time, the HMW EPS may replace the weakly bound smaller
polymers. However, Fig 8 and 9 show that this is not the case.
Overall, the flocculation of single clay particles shows no significant differences among the
performances of the MMW, HMW and mixed EPS types, although, for kaolinite, the HMW and
mixed EPS would be preferred. More importantly, this study reveals that the presence of short
polymeric chains (LMW EPS) in the harvested mixed EPS does not hinder its flocculation
performance. Hence, mixed EPS can flocculate single clay particles as effectively as single-type
HMW EPS.
4.3.

Adsorption and flocculation in a dual particle system

One of the hypotheses prior to this study was that wastewater-derived mixed EPS (consisting of
LMW, MMW and HMW fractions) could better flocculate a mixture of particles compared to the
use of HMW EPS, perhaps due to the different MW fractions that may work synergistically for mixed
particle flocculation.
The results in Fig. 5 show that mixtures of EPS can better flocculate mixed particles than the single
HMW fraction. Furthermore, there is a 50% lower dosage requirement when using mixed EPS
instead of the HMW EPS. The reflectometry results in Fig. 8 and 9 nicely explain the underlying
adsorption mechanism of dual EPS fractions. Both figures reveal that the subsequent adsorption of
the HMW EPS fraction did not displace the already adsorbed LMW and MMW EPS, which differs
from what is found when homopolymers adsorb to silica surfaces [25]. For instance, the coadsorption of the LMW and HMW EPS fractions in Fig. 9 resulted in a total adsorbed amount of 1.2
mg/m2, a slightly higher value than the mixed EPS adsorbed amount (1.1 mg/m 2). The higher value
may be due to the higher concentration of each tested EPS fraction compared to what was found in
the harvested mixed EPS.
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Additionally, the LC-OCD results in Table S3 (see supplementary information) also confirm the coadsorption (rather than competitive adsorption) of both the LMW and HMW EPS fractions, and the
MMW and HMW EPS fractions. At the optimum dosages, the EPS fractions were adsorbed in the
flocs and their concentrations in the supernatant phase were found to be below the equipment’s
detection limit, even after concentrating the supernatant five times. However, above the optimum
mixed EPS concentration (dosed concentration of 0.5 mg/g), not all the EPS fractions were adsorbed
in the flocs. About 24.4 µg/L (= 0.05 mg/g clay), attributed to the HMW EPS fraction, was measured
in the supernatant phase.
Based on these results, we mechanistically deduce that when (mixtures of) particles are to be
flocculated with mixed EPS comprising low, medium and high MW fractions, the LMW and MMW
EPS, which are least affected by mass transport limitation, first adsorb to the (smallest) particles,
while the HMW-EPS slowly attach to the bigger particles and the anchor sites of the LMW chains,
both processes taking place in the presence of di/multi-valent cations (Fig. 10). This mechanism is
analogous to the ‘site blocking’ effect, which to the best of our knowledge, has only been reported
for dual cationic polymer systems (typically composed of a LMW polymer that acts as a cationic siteblocking agent, and a cationic polymer) [13,52,53]. The vital component of this effect is the ability
of the site-blocking agent (in our case, the LMW or MMW EPS fraction) to adsorb to the particle’s
surface site to which the flocculation polymer (the HMW EPS fraction) can adsorb (illustrated in Fig.
9) [52]. This effect is even more likely when both the site-blocking agent and the flocculation
polymer have the same charge type, such that the former can adsorb to the same vacant sites that
would have been available for the latter. The advantage of this effect is that the limited adsorption
opportunity of the (HMW) flocculation polymer (as a result of site blocking) leads to more extended
tails and enhanced bridging possibilities, thus improved flocculation.
A practical implication of these findings is that it would not be necessary to further separate the
HMW biopolymer fraction from the harvested EPS before they can be applied as effective
flocculants. The harvested mixed EPS can effectively flocculate particles in single and dual clay
systems, with performances comparable to the HMW EPS fraction during single clay flocculation,
and a better performance than the HMW EPS during dual clay flocculation.

Fig. 10. (A) The expected configuration of an adsorbed HMW EPS fraction. (B) The co-adsorption of short
(LMW EPS) and long (MMW or HMW) chain EPS fractions.
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5.

Conclusions

Wastewater-derived mixed EPS were successfully fractionated into three MW fractions (high,
medium and low MW fractions) and each fraction was further characterised and examined to
elucidate the flocculation mechanism of such complex biomacromolecules. This study shows that
the MMW, HMW and harvested mixed EPS could effectively flocculate single clay systems, namely
kaolinite or montmorillonite, in the presence of divalent cations. However, in a dual clay system,
the mixed EPS proved to be more efficient (higher flocculation performance at a lower dosage) than
the HMW EPS fraction, implying that the effect of mixed EPS on dual clay systems is higher than for
single clay systems. Optical reflectometry coupled with LC-OCD analysis reveal site-blocking effect
in EPS mixtures. In this mechanism, the LMW and MMW EPS fractions, which were least affected by
mass transport limitation, first adsorbed to the silica surface, while the HMW-EPS slowly attached
to the unoccupied sites on the surface. We propose from this, a mixed EPS adsorption mechanism
leading to extended anionic polymer tails in solution, thereby enhancing particle flocculation.
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Supplementary information of Chapter 5
Table S1. Flocculation performance of EPS fractions (top table: at the optimum EPS dosages for single clay
particles; bottom table: at different EPS dosages) on a 1:1 mixture of kaolinite and montmorillonite clays.
100 mg/L Ca2+ was added as a coagulant. LMW: Low molecular weight; MMW: medium molecular weight
EPS; HMW: High molecular weight EPS.
EPS fraction(s)

Flocculation efficiency (%)

0.1 mg/g HMW EPS (optimum concentration for kaolinite)

92.7 ± 0.2

0.5 mg/g HMW EPS (optimum concentration for montmorillonite)

95.7 ± 0.0

1.0 mg/g LMW EPS, then 0.5 mg/g HMW EPS a

95.6 ± 0.4

0.2 mg/g LMW EPS, then 0.1 mg/g HMW EPS a

92.5 ± 0.6

1.0 mg/g LMW EPS, then 0.1 mg/g HMW EPS a

90.8 ± 0.3

0.2 mg/g LMW EPS, then 0.5 mg/g HMW EPS a

94.8 ± 0.0

0.5 mg/g LMW EPS and 0.5 mg/g HMW EPS b

96.2 ± 0.3

0.25 mg/g MMW EPS and 0.25 mg/g HMW EPS b

98.0 ± 0.1

0.5 mg/g MMW EPS and 0.5 mg/g HMW EPS b

96.7 ± 1.3

0.05 mg/g mixed EPS

96.5 ± 0.2

0.1 mg/g mixed EPS

97.4 ± 0.2

0.25 mg/g mixed EPS

98.7 ± 0.5

0.5 mg/g mixed EPS

98.0 ± 0.3

1.0 mg/g mixed EPS

97.2 ± 0.6

5

The EPS fractions were dosed sequentially: the LMW EPS was first dosed for 4 mins, then the HMW EPS was dosed for
6 mins.
a

b

The EPS fractions were mixed and dosed as a single solution.
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Refractive index (n)

1.336

y = 0.1352x + 1.333
R² = 0.9976

1.334

1.332

0

0.01

0.02

EPS concentration (g/mL)

Fig. S1. Determination of the refractive index increments of mixed EPS dissolved in Milli-Q water (dn/dcEPS =
slope = 0.135 mL/g).

Table S2. Zeta (ζ) potential values of mixed EPS, its fractions and the supernatant phase after flocculation.
Sample

ζ potential value (mV)

0.1 g L-1 mixed EPS only

-43.4 ± 1.9

0.1 g L-1 HMW EPS only

-33.4 ± 1.3

0.1 g L-1 MMW EPS only

-27.1 ± 2.3

0.1 g L-1 LMW EPS only

-8.61 ± 1.3

Montmorillonite only

-18.0 ± 0.5

Kaolinite only

-25.0 ± 1.4

a

Kaolinite/0.1 mg g-1 mixed EPS *

-24.2 ± 1.1

a

Kaolinite/Ca2+ **

-17.9 ± 0.8

a

Kaolinite/Ca2+/0.1 mg g-1 mixed EPS *

-19.7 ± 1.7

a

Kaolinite/Ca2+/0.5 mg g-1 mixed EPS

-21.4 ± 1.9

* Optimum dosage of mixed EPS for the flocculation of kaolinite.
** 100 mg/L Ca2+ was used as the coagulant.
a
Flocculation supernatant phase was measured.
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Fig. S2. Adsorption isotherm of mixed EPS (dissolved in 200 mg/L Ca solution) on a silica surface.
2+

Table S3. LC-OCD analysis of the supernatant phase after the flocculation of kaolinite and montmorillonite
mixtures. N/A: Not applicable, since the biopolymer organic carbon concentration was below the detection
limit even after a 5-time concentration of the supernatant.
Dosed EPS (concentration)

Biopolymer OC a (µg/L)

MW b (MDa)

HMW (0.5 mg/g)

˂ 2.5 c

N/A

LMW + HMW (0.5 mg/g each)

˂ 2.5 c

N/A

MMW + HMW (0.5 mg/g each)

˂ 2.5 c

N/A

Mixed EPS (0.25 mg/g)

˂ 2.5 c

N/A

Mixed EPS (0.5 mg/g)

24.4

1.2

Biopolymer organic carbon of EPS in the supernatant phase after flocculation.
MW of EPS in the supernatant phase after flocculation.
c
Below the detection limit of the LC-OCD equipment.
a

Adsorbed amount, (mg/m2)

b

1

HMW 0.5g/L + 200 mg/L Ca2+

0.8
0.6
0.4
0.2
0

0

40

80
Time (min)

120

160

Fig. S3. Adsorption of HMW EPS (dissolved in 200 mg/L Ca2+ solution) on silica surface. The red line is the
point of solvent injection (200 mg/L Ca2+) after EPS adsorption on the surface.
143
143

Chapter 5

The stagnation point flow of the optical reflectometer
The experimental set-up of the reflectometer (Fig. S4) is such that there are well defined
hydrodynamic circumstances at the point where the incoming laser beam (1) hits the collector
surface (2). This enables us to calculate the flux of molecules towards the surface. The solution (5)
is impinged perpendicular to the collector surface. The point where the axis of the impinging jet (3)
intersects with the surface (2) is called the stagnation point (4). On this point, the solution does not
flow, which can be seen from Fig. S4. At and around the stagnation point, the molecules are
deposited rather homogeneously. The reflectometer was aligned such that the laser spot was
exactly in this stagnation point.

Fig. S4. Description of the stagnation point region (figure taken by permission from the Manufacturer’s
manual).

Diffusion coefficient (D) measurement
To determine the diffusion coefficient (D) of each EPS fraction, dynamic light scattering experiment
was done with an ALV light-scattering setup, consisting of an ALV5000/60X0 external Correlator, an
ALV-125 Goniometer, an ALV/HIGH QE APD single photon detector with an ALV static and dynamic
enhancer fiber optics. The laser used was a Cobolt Flamenco DPSS Laser operating at 660 nm and at
a power of 300 mW. For the MMW and HMW EPS samples, a 3.1% Transmission attenuator was
used. The LMW EPS was measured without attenuator (so 100% transmission). Measurements were
performed at an angle of 90 degrees and a second-order cumulant was used to calculate the D. Each
sample underwent 30 measurement runs and each run lasted 10 seconds. All samples were paperfiltered prior to the DLS measurement.
The obtained average D values are:
High molecular weight (HMW) EPS: 1.6 * 10-13 m2/s
Medium molecular weight (MMW) EPS: 2.1 * 10-13 m2/s
Low molecular weight (LMW) EPS: 6.0 * 10-13 m2/s
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Regeneration and reuse of microbial
extracellular polymers immobilised on
a bed column for heavy metal
recovery

A modified version of this Chapter has been published as:
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reuse of microbial extracellular polymers immobilised on a bed column for heavy metal recovery,
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Abstract
Microbial extracellular polymeric substances (EPS) have gained increasing attention for various
water treatment applications. In this study, EPS produced from nitrogen-limited glycerol/ethanolrich wastewater were used to recover Cu2+ and Pb2+ from aqueous solutions. Continuous flowthrough tests were conducted on a column packed with silica gel coated with polyethyleneimine, to
which EPS were irreversibly attached as shown by optical reflectometry. These immobilised EPS
excellently adsorbed Cu2+ and Pb2+, with 99.9% of influent metal adsorbed before the breakthrough
points. Metal desorption was achieved with 0.1 M HCl, with an average recovery of 86% for Cu2+
and 90% recovery for Pb2+. For the first time, we successfully showed the possibility to regenerate
and reuse the immobilised EPS for five adsorption-desorption cycles (using Cu2+ as an example) with
no reduction in the adsorbed amount at the breakthrough point (qbp). Based on the mass balance
of the associated metal ions participating in the adsorption process, ion exchange was identified as
the major mechanism responsible for Cu2+ and Pb2+ adsorption by EPS. The results demonstrate the
potential of wastewater-produced EPS as an attractive and perhaps, cost-effective biosorbent for
heavy metal removal (to trace effluent concentrations) and recovery (86 - 99 %).
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1.

Introduction

Heavy metal pollution is one of the most critical environmental concerns today due to the hazard
caused on human health and the environment. Heavy metals are directly toxic to exposed organisms
and indirectly by accumulation in soil and suspended matter in water bodies [1,2]. They are found
in high concentrations in wastes discharged into the environment by various industries such as
metallurgy, mining and smelting, electroplating, electrolysis, iron and steel, photography, and
electric appliance manufacturing [3]. At the same time, the provision of these metals (which are
essential and critical elements for our lifestyles) to many industries and economies is at risk due to
depleting natural reserves and their concentration in a few nations, thus subjected to geopolitical
risks [4]. The recovery of metals from waste streams is, therefore, of increasing economic interest.
Hence, treating heavy metal waste streams has two important objectives: removal to environmental
standards and recovery to economic standards.
Conventional methods for removing metal ions from aqueous solutions, such as chemical
precipitation and filtration, are ineffective in removing low metal concentrations (< 1 - 50 mg/L) and
produce large quantities of sludge, which are expensive to dispose of [3,5]. On the other hand,
technologies that do not generate such secondary waste streams and are efficient for metal removal
and recovery, are very costly. Examples of these are ion exchange, reverse osmosis, adsorption on
activated carbon, and evaporation [5].
Biosorption has been proposed and has received increasing attention as a promising technology for
heavy metal removal and recovery [6]. Biosorbents (defined as biomass and products of microbial
biomass such as extracellular polymers [7]) offer some advantages: they can be cheap and effective
when using the adequate type of biomass and processing method, and in some cases can be
regenerated for multiple uses just like ion-exchange resins, and are therefore eco-friendly [3,5]. One
of the most promising biosorbents from an economically viable point of view are microbial
extracellular polymeric substances (EPS). These are products of microbial biochemical secretions,
typically comprising polysaccharides and proteins. These biopolymers have functional groups such
as carboxyl, hydroxyl, and amine groups that bind with heavy metals either via ion exchange (where
the COOH groups are involved) or complexation mechanism (where COOH, OH and NH2 groups may
be involved) [7–9]. EPS are either produced from pure cultures which necessitate sterile conditions
and are therefore expensive, or from mixed cultures that require non-sterile cultures and feedstocks
(e.g., organic wastewater), making the latter a more sustainable alternative.
Although there are various reports on the use of EPS for heavy metal adsorption [10], most are still
far from an economically feasible application in practice due to various limitations: the use of purecultured EPS requiring sterile conditions [11], a focus on adsorption only and not on recovery, the
use of unrealistically high EPS concentrations in batch studies without practical significance in an
industrial or environmental context [7], and the lack of information on the possibility to regenerate
and reuse the sorbent.
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In this study, we investigated, (i) the immobilisation of wastewater-derived EPS (EPS harvested from
waste/surplus sludge) on a column for continuous flow-through tests, (ii) the adsorption and
subsequent desorption of heavy metals (using Cu2+ and Pb2+ as examples) present in another
(waste)water, (iii) the possibility to regenerate and reuse the immobilised EPS for several cycles, and
(iv) the predominant mechanism involved in the EPS-metal interaction. To our knowledge, this is
the first study to prove the regeneration and reuse of EPS for several adsorption and recovery cycles
in a continuous process.
2.

Materials and methods

2.1.

EPS-producing bioreactor

A submerged membrane bioreactor (MBR) with a working volume of 67 L was operated to combine
wastewater treatment with EPS production. The MBR was equipped with two PVDF flat sheet
membranes (membrane cartridge type 510, Kubota, Japan) with an effective area of 0.8 m2 each
and nominal pore size of 0.2 µm. Perforated tubes made of polyvinyl chloride were placed
underneath the membrane to provide aeration.
The reactor was inoculated with aerobic sludge from a municipal wastewater treatment plant
located in Leeuwarden, the Netherlands. It was operated at a room temperature of 20 ± 1 °C, a pH
of 7.5 ± 0.2, a dissolved oxygen concentration of 2.5 ± 1.0 mg O2/L, a solids retention time of 3 days
to minimise COD mineralisation, and a hydraulic retention time of 10 h.
The reactor was operated under a nitrogen-limited condition (a COD/N ratio of 85, calculated based
on g COD/g N). Nitrogen limitation has been previously reported to enhance EPS recovery from
glycerol/ethanol-rich wastewater – up to 54% of wastewater-COD recovered as EPS-COD [12].
Influent COD was 2000 ± 100 mg/L, mainly provided from glycerol (820 ± 20 mg/L) and ethanol (480
± 10 mg/L) in a 1:1 COD ratio, simulating biodiesel and bioethanol wastewater. The main nitrogen
source was NH4Cl (75 ± 5 mg/L) and yeast extract (30 mg/L) contributed 10.5% of the total nitrogen
content. The nutrient medium composition per litre of tap water comprised 100 mg MgCl 2∙6H2O,
150 mg CaCl2∙2H2O, 40 mg K2HPO4, 60 mg KH2PO4, and 2 mL trace elements solution (the
composition of trace elements has been reported by Ajao et al. [13]).
2.2.

EPS harvesting

After operating the reactor at a steady state for at least 30 days, the soluble (S)-EPS were harvested
from the waste sludge, having been reported to be the major EPS fraction (62 - 77 wt%) in a
nitrogen-limited system [12]. S-EPS were recovered via centrifugation: 400 mL sludge was
centrifuged at 17000 g and 4 °C for 1 h, after which the supernatant containing the S-EPS
(henceforth called ‘EPS’ in this Chapter) was dialysed successively against demineralised water.
Dialysed EPS were freeze-dried to obtain dry solids that were used for the metal adsorption tests.
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2.3.

EPS characterisation

2.3.1. Functional group determination
Fourier transform infrared spectroscopy (FTIR) was carried out on the freeze-dried EPS samples
using an IRTracer-100 spectrometer (Shimadzu, Japan) with a scanning range of 4000 - 450 cm-1 for
40 scans at a spectral resolution of 4 cm-1.
2.3.2. Total protein, polysaccharide, and uronic acids quantification
The total protein content of the dried EPS was determined using a bicinchoninic acid (BCA) assay
kit (Thermo Scientific, USA). The assay was performed in a microplate, where 25 µL of EPS solution
(dissolved in a phosphate buffer saline, pH 7.4 [13]) or bovine serum albumin, BSA (used as a
standard protein) was mixed with 200 μL of BCA working reagent and incubated at 37 °C for 30
min. Afterward, the absorbance was measured at 570 nm using a spectrophotometer (Victor3 1420
Multilabel Counter, Perkin Elmer, USA).
Total polysaccharides were quantified using the phenol-sulphuric acid method described by Dubois
et al. [14], using glucose as the standard sugar. Absorbance was measured at 490 nm in the
spectrophotometer mentioned above. The sugar composition was further analysed according to
Englyst and Cummings [15] – see supplementary information.
2.3.3. Molecular weight determination
A solution of EPS was first passed through 0.45 µm hydrophilic polytetrafluoroethylene filter
(purchased from Merck, the Netherlands) before molecular weight determination using liquid
chromatography-organic carbon detection (LC-OCD – model 8, DOC-LABOR, Germany). Detailed
method described by Ajao et al. [12]. LC-OCD was also used to analyse the different EPS fractions:
biopolymers (such as polysaccharides, proteins, glycoproteins), building blocks/humic acids, low
molecular weight (LMW) acids and LMW neutrals [13,16].
2.3.4. Charge density measurements
The charge densities of EPS and polyethyleneimine (PEI) were determined by colloid titration using
a Mütek Particle Charge Detector (PCD03, Germany) described by Tan et al. [17] and a titration
procedure explained by Ajao et al. [13]. The charge densities were calculated from the consumption
of the titrant (polydiallyldimethylammonium chloride for EPS titration and polyethylenesulfonate
for PEI titration) according to the equation:
𝑞𝑞 =

𝑐𝑐∗𝑉𝑉
𝑚𝑚

(1)

where q is the specific charge quantity (eq/g), c is the titrant concentration (eq/L), V is the consumed
titrant volume (L), and m is the mass of the polymer sample (g). The charge density of EPS was
determined at pH 10 (pH of the EPS solution flowed into the column to attach to PEI: freeze-dried
EPS was dissolved in Milli-Q and alkalinised to pH 10 with drops of 1 M NaOH) and pH 7. At pH 10,
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the functional groups are largely deprotonated and the EPS have a high anionic charge density, from
which a fraction is sacrificed to bind with the PEI.
2.4.

Chemical analysis

Metals were measured by inductively coupled plasma-optical emission spectrometry, ICP-OES
(Perkin Elmer Optima 5300 DV). Total organic carbon (TOC) of EPS, PEI, and column effluents was
measured using a TOC analyser (Shimadzu TOC-L). All samples were passed through 0.45 µm
hydrophilic polytetrafluoroethylene filter (Merck) before ICP-OES and TOC analysis.
2.5.

Optical reflectometry test

For a continuous metal adsorption process, EPS was supported in a column packed with silica gel.
Since silica gel is negatively charged, a cationic polymer such as PEI (branched, MW = 10 kDa,
purchased from VWR, Netherlands) was first attached to the silica gel, followed by EPS attachment.
To assess the attachment of anionic EPS on the cationic PEI, an adsorption test was carried out using
fixed-angle stagnation point optical reflectometry described by Dijt et al. [18]. Reflectometry is an
optical technique used to observe in situ adsorption of molecules on an optically flat surface, such
as a silicon wafer. The changes in signal measured upon adsorption on the surface (ΔS) is directly
proportional to the adsorbed amount, Γ (mg/m2) according to the equation:
𝛤𝛤 = 𝑄𝑄𝑓𝑓

∆𝑆𝑆
𝑆𝑆0

(2)

where Qf is the sensitivity factor (mg/m2), S0 is the starting output signal of the bare silicon wafer,
and ΔS = S - S0 is a change in the signal upon adsorption on the surface. Instead of using mass uptake
(Γ), we used the relative signal increase (ΔS/S0) to interpret the surface adsorption process since
both parameters are directly proportional to each other.
Silicon wafers were first baked at 1000 oC for 1 h to form an oxide layer on the silicon. The oxidised
wafers with a silica layer thickness of 81.5 nm were cut into strips of approximately 1 x 4 cm2,
immersed in a freshly prepared piranha solution (1 part of 30% H2O2 and 3 parts of 95% H2SO4) for
20 minutes and rinsed in Milli-Q water.
Although 10 g/L PEI and 10 g/L EPS were used for the column preparation, much lower
concentrations were needed for the reflectometry tests in order to monitor the adsorption of the
polymers on the flat surface. Thus, 0.5 g/L of each polymer was used. The adsorption sequence on
the oxidised wafer was as follows: solvent (demineralised water) was passed to establish the
baseline, then 0.5 g/L PEI was injected until adsorption reached saturation, the solvent was passed
again to know if the adsorption was (ir)reversible, 0.5 g/L EPS was then injected until adsorption
reached saturation, after which the solvent was passed.
2.6.

Biosorption tests

2.6.1. Batch tests
Batch tests were conducted using dialysis bags according to the method described by Wang et al. [19].
50 mg/L each of Cu2+, Pb2+ and Zn2+ solutions were prepared by dissolving CuSO4∙5H2O, Pb(NO3)2 and
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Zn(NO3)2∙6H2O, respectively in Milli-Q water. A dialysis bag (12 - 14 kDa molecular weight cut-off)
filled with 5 mL undialysed and undried EPS was suspended in 100 mL heavy metal solution and
stirred continuously at 400 rpm at room temperature (21 ± 1 oC). An aliquot of the heavy metal
solution was taken for ICP-OES measurement.
2.6.2. Small-scale syringe test
To assess the feasibility of a continuous column experiment and to test the possibility of coating an
EPS layer on a solid surface, a small-scale syringe test was carried out. First, a glass microfibre filter
(25 mm diameter, Camlab Ltd, UK) was treated in a low-pressure oxygen plasma system (Diener
Electronic Femto, Germany) for 20 seconds to activate the anionic silica groups. Subsequently, a series
of solvents/solution was passed through the glass microfibre filter in the following order: 10 mL of
Milli-Q water to clean the filter, 1mL of 10 g/L cationic PEI to bind to the anionic groups on the filter,
10 mL of Milli-Q water to remove any residual PEI, 1 mL of 10 g/L EPS (anionic polymer) to attach to
the cationic PEI, and 10 mL of Milli-Q water to remove any excess unattached EPS (Fig. 1). The flow
rate of the syringe pump was set at 2 mL/min throughout the tests. This feasibility experiment was
tested for Cu2+ adsorption on the attached EPS.
2.6.3. Fixed-bed column set-up, adsorption and desorption studies
Upflow lab-scale columns (height = 11 cm, internal diameter = 1.5 cm, bed volume [BV] = 19 mL) were
made from transparent polyvinylchloride (Fig. 2). Silica gel (pore size 60 Å, 35 - 60 mesh, purchased
from Sigma Aldrich) was used in lieu of the previously used glass filter to act as a support for EPS
attachment. The silica groups were activated by (re)circulating 50 mL of 10 mM KOH (instead of using
a plasma system) for 3 h [20]. Afterwards, 50 mL of 10 g/L PEI was (re)circulated for 1 h and finally, 50
mL of 10 g/L EPS was (re)circulated for 1 h. Between each step and after the final step, 60 mL Milli-Q
water was flushed through the column for 1 h. The flow rate of the peristaltic pump was set at 1
mL/min (3.16 BV/h) throughout the column preparation process.

Syringe (influent)
Filter caps

EPS

Glass microfibre
filter

PEI

Effluent

Glass microfibre
filter

Fig. 1. Schematic depiction of the filter structure for Cu2+ adsorption. PEI: Polyethyleneimine.
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To determine the mass of EPS immobilised in the column, the TOC values of influent and effluent EPS
solution were measured (full calculations in the supplementary information – Table S1). Out of 5.3 g/L
TOCEPS entering the column, 1.6 g/L TOCEPS was retained after flushing with water. Thus, about 31% of
the influent EPS concentration (3.1 g/L out of 10 g/L) was immobilised in the column. However, not all
the sites of the immobilised EPS are available for metal adsorption. A fraction of the charges was
attached to the PEI, leaving the remaining free sites available for metal adsorption. Typically, about
45.4 mg of PEI was immobilised in the column, which corresponds to a charge of 0.66 meq. From the
charge density values of PEI and EPS (see section 3.12), we established a stoichiometry ratio of 1.6
meq of EPS to 1 meq of PEI for their interaction, assuming all the measured sites are available for
binding. Thus, 1.06 meq of EPS was attached to PEI, corresponding to 115.4 mg of EPS, leaving 39.1
mg EPS (charge equivalent of 0.35 meq) available for metal adsorption.
Metal adsorption and desorption studies were carried out on 50 mg/L Cu2+ and 50 mg/L Pb2+ from
metal salt solutions of CuSO4∙5H2O (solution pH 5.7) and Pb(NO3)2 (solution pH 5.6), respectively.
The flow rate of the metal solution was set at 1 mL/min (3.16 BV/h), except stated otherwise. The
desorption test was done with the aim of concentrating the adsorbed metal to 10 times the original
concentration. To achieve this, the volume of the desorbent (0.1 M HCl) used was 10 times less than
that of the metal solution that had flowed through the column during the preceding adsorption
phase. The desorption was carried out at a flow rate of 0.25 mL/min (0.79 BV/h). The adsorbed
amount (q, mg/g available EPS), and the desorption recovery (%) of metal ions were calculated from
equations (3) and (4):
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝑞𝑞 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝐸𝐸𝐸𝐸𝐸𝐸 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑟𝑟 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑜𝑜𝑛𝑛 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

(3)

(4)

Effluent
Cap
Mesh
Column: packed silica
gel with attached PEI
and EPS
Cap
Influent
Fig. 2. Upflow fixed-bed column for heavy metal adsorption and desorption. PEI: Polyethyleneimine.
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At the end of the desorption test, an HCl volume equivalent to the total volume of HCl used for the
desorption process was also flowed through the column at a rate of 2 mL/min to flush out any
residual metal ion present in the column. To reuse the EPS for another cycle, the column was first
washed with Milli-Q water (as stated above) and recirculated with 10 mM KOH for 2 h (flow rate =
1 mL/min) to deprotonate the EPS for another adsorption process (hence, the immobilised EPS was
in the K+ form), after which Milli-Q water was flushed again for an hour.
3.

Results and Discussion

3.1.

EPS characteristics

3.1.1. Functionality and composition
EPS, being a mixture of compounds, provide different functional groups that are relevant for heavy
metal adsorption. The FTIR spectrum in Fig. 3 shows distinct and sharp absorption bands at 3280
cm-1 (–OH and/or –NH2 groups), 2905 cm-1 (C–H groups), 1717 cm-1 (C=O of amide I), 1593 cm-1 (outof-phase N–H bending and C–N of amide II), 1406 cm-1 (in-phase N–H bending of amide III) [21],
1368 cm-1 (C=O of –COO- groups), 1234 cm-1 (C–O of ether or alcohol) and 1022 cm-1 (C–O–C) [22].
These bands suggest the presence of polysaccharides and proteins with carboxyl, hydroxyl and
amino groups as the main functional groups. This result is also consistent with our previous studies
and reports of other studies [12,13,22].

Fig. 3. FTIR spectrum of the harvested EPS.
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Table 1. Properties of the produced EPS.
Parameter

Value

Polysaccharide content a (g/g EPS)

0.44 ± 0.05

of which uronic acids (g/g EPS)

0.27 ± 0.01

Protein content b (g/g EPS)

0.12 ± 0.02

Molecular weight fractions (kDa)

1326.4, 187.1, 92.2, 40.3

Charge density at pH 10 (meq/g EPS)

9.0 ± 0.2

Charge density at pH 7 (meq/g EPS)

5.1 ± 0.2

a
b

based on glucose equivalent units.
based on BSA equivalent units.

The quantification of the total polysaccharide and protein content shows that the EPS were
composed of 12 wt% proteins and 44 wt% polysaccharides (this value is close to that obtained from
the EPS-sugar compositional analysis – see supplementary information), out of which uronic acids
account for 26.5 wt% (Table 1). LC-OCD analysis revealed that the EPS also contain building
blocks/humic acids (molecular weight 500 - 2500 Da), LMW acids and neutrals (˂ 500 Da), and a
hydrophobic organic fraction [16], which together account for the remaining 44 wt% (see
supplementary information – Table S2). In general, the biopolymer fraction of this particular EPS
produced from biodiesel/(bio)ethanol wastewater under nitrogen-limited condition (high COD/N
ratio) has polysaccharides as its main EPS component [12].
3.1.2. Molecular weight and charge density
Molecular weight (MW) is an important property for (irreversible) attachment of EPS with PEI. The
longer the polymeric chains, the stronger the attachment with PEI [18]. The result of the LC-OCD
analysis reveals four biopolymer chromatographic peaks of the EPS (Fig S1 – supplementary
information, and Table 1). The peaks can be categorised into high (˃ 1000 kDa), medium (100 - 1000
kDa) and low (˂ 100 kDa) MW fractions, indicating the heterogeneous macromolecular
characteristics of microbial EPS, a phenomenon also found in other studies [13,23,24].
In addition to MW, charge density is another crucial property of EPS for their successful attachment
with cationic PEI and as active sites for binding with heavy metals. The charge density of EPS is due
to the presence of carboxyl and amino groups and is pH-dependent. At pH 10 (the pH of the EPS
solution flowed into the column to attach to PEI), the anionic charge density was 9 meq/g EPS (Table
1). This high value is owing to the functional groups in a largely deprotonated form (–COO- and –
NH2) at such an elevated pH. The highly charged form of the EPS is desirable to maximise the fraction
of the sites that binds with the PEI (cationic charge density of PEI = 14.6 ± 0.1 meq/g PEI), leaving
the remaining fraction available for metal adsorption (see Table S1).
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Fig. 4. Optical reflectometry signal for irreversible EPS adsorption on polyethyleneimine (PEI).

3.2. Adsorption of EPS on polyethyleneimine
The result presented in Fig. 4 shows the sequential adsorption of PEI and EPS on an activated silicon
wafer. First, cationic PEI showed a fast, largely irreversible adsorption on the silica surface, after
which anionic EPS was adsorbed on the PEI layer. After a subsequent solvent injection
(demineralised water), no desorption took place, implying that the EPS was irreversibly attached to
the PEI. (The sudden increase after solvent injection was due to the change in ionic strength
between the EPS solution and water and stabilised at values not lower than that reached with EPS
previously.) This is likely due to the strong attachment of the long EPS chains to PEI, which has a
large number of adsorption sites [18]. Moreover, the layer-by-layer adsorption suggests that the
interaction between PEI and EPS was governed by electrostatic attraction.
3.3. Cu2+ adsorption on a modified glass filter
Having established the strong attachment of EPS on PEI, a small-scale syringe test was carried out to
assess the feasibility of metal adsorption on an EPS-coated glass filter. The result in Fig. 5 proves this
possibility – 89% of Cu2+ in the first 10 bed volumes (0.5 mL flowed through the filter) was adsorbed
by the EPS. It is important to state that this was not an optimised experiment and the adsorption was
limited due to the very small bed volume ( ̴0.05 mL) and a relatively high flow rate (2 mL/min), hence
the retention time of Cu2+ was very short.
3.4. Fixed-bed adsorption and desorption of Cu2+
The results of the column experiment show that the recovered EPS have a high affinity for Cu2+ (Fig.
6A). In all the five cycles, 99.9 % of the influent Cu2+ was adsorbed in the column in the first six bed
volumes, corresponding to effluent Cu2+ concentrations ˂ 50 µg/L (our quantifiable limit). These
concentrations are much lower than the US Environmental Protection Agency (USEPA) maximum
permissible concentration of 1.3 mg/L Cu2+ in drinking water [25].
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Fig. 5. Cu2+ adsorption (on an EPS-coated glass microfibre filter) as a function of effluent concentrations and
bed volumes. C0 = 61.6 mg Cu2+ /L.

Fig. 6 shows that the adsorption cycles were not continued long enough to obtain full breakthrough
curves, i.e. to reach a C/C0 = 1. During the first cycle, which was operated at twice the flow rate (2
mL/min, 6.32 BV/h) of the other cycles, 151.6 mg Cu2+/g EPS was adsorbed at the breakthrough
point, qbp (defined as C/C0 = 0.001) at 6.3 BV and after 31.6 BV, 562.4 mg Cu2+/g EPS had been
adsorbed. It is important to mention that this value was not the EPS’ maximum adsorption capacity
(qmax) for Cu2+ but the qmax could be as high as 787 mg/g EPS as determined in the batch experiments
(see supplementary information – Fig. S2). (The q values reported for the column tests are based on
the mass of EPS available for binding and do not take into account the amount of EPS sacrificed to
attach to PEI.) Nevertheless, these qmax values are not as important as the qbp from the practical
viewpoint and can even be misleading when solely reported, since they do not take into account
the limits of metals permitted in drinking water or industrial effluent discharge [26].
Attractive from an application perspective is the possibility to regenerate and reuse the EPS for
subsequent adsorption-desorption cycles without a reduction in the adsorbed amount at the
breakthrough point (qbp). Table 2 shows that the qbp for Cu2+ was fairly constant (151.6 - 160.1 mg/g)
in all the five tested cycles and the cycles had their breakthrough points at approximately the same
bed volume (Fig. 6A). Comparing the q values at a common bed volume of 15.8 (the total bed volume
of the 2nd to 5th adsorption cycles), the q value of the first adsorption cycle was 357.6 mg/g and that
of the second cycle was 316.1 mg/g, implying that only about 11.6% of the EPS’ adsorption capacity
was lost either during the first cycle metal desorption or EPS regeneration process. In spite of this
loss in capacity, the q values of the reused EPS in this study (somewhat constant between 294 - 316
mg/g) are much higher than the qmax values of most reported commercial ion-exchange resins (9 71 mg/g resin) [27–29] and other adsorbents: zeolites (2 - 5 mg/g), activated carbon (12 – 32 mg/g),
chitosan composites (25 - 200 mg/g), activated sludge (19 mg/g), seaweed (8 - 108 mg/g), microbial
biomass such as bacteria, fungi and algae (2 - 133 mg/g), and lignocellulosic materials such as rice
shell, hazelnut shell, orange peel, modified orange peel (8 - 289 mg/g) [29–34]. For the EPS-producing
biomasses such as activated sludge, seaweed and microbial biomass, their much lower qmax values
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(mg/g biomass) compared to our study may be due to a low amount of available EPS charge or
functional group when EPS is attached to biomass. It may be that a fraction of the EPS functional
groups needed for adsorption has been sacrificed for biomass attachment [35]. Moreover, biomass
composition does not vary significantly, at least between different species of the same genus or
order, and will usually result in similar metal adsorption capacities [7]. For instance, different
bacteria species studied for Cr4+ adsorption showed comparable metal sorption affinities [36]. On
the contrary, microbial EPS can differ considerably, based on factors such as the utilised substrates
and operational conditions, consequently leading to new EPS properties [1,37].
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Fig. 6. Adsorption-desorption cycles for Cu2+ recovery from EPS. (A) Cu2+ adsorption as a function of effluent
concentrations and bed volumes; C0 = 50 mg/L. (B) Desorption of adsorbed Cu2+ from EPS in a 10-time
concentrated Cu2+ solution.
Table 2. Adsorption capacities of EPS for Cu2+ and subsequent recovery in a 10-time and 5-time concentration.
(De)sorption
cycle

qa
(mg/g)

qbpb
(mg/g)

Recovery c
(%)

Recovery d
(%)

1st

562.4

151.6

80

2nd

316.1

151.6

109

120

3rd

301.3

151.7

76

88

4th

294.0

151.7

88

102

5th

313.3

160.1

75

87

Adsorbed amount at 31.6 bed volume (for the 1st cycle) and 15.8 bed volume (for the 2nd – 5th cycles).
Adsorbed amount at the breakthrough point (C/C0 = 0.001).
c
10 times concentrated (3.2 bed volume for the 1st cycle, 1.6 bed volume for 2nd – 5th cycles).
d
5 times concentrated (3.2 bed volume for the for 2nd – 5th cycles).
Values higher than 100% means that Cu2+ retained in the column after the previous desorption cycle also got eluted in the
next desorption cycle.
a
b
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As a control, Cu2+ adsorption was performed on only the silica particles (without PEI or EPS
attachment) to check if they likely participated in the EPS adsorption process. Results (see
supplementary information – Fig. S3) showed that the lowest C/C0 value attained was 0.2, which is
much higher than what was obtained with EPS (C/C0 = 0.001). Therefore, the values obtained in this
study were solely from the attached EPS and not from the silica gel.
3.5. Pb2+ adsorption and desorption
The ability of EPS to adsorb other heavy metals such as Pb2+and Zn2+, and monovalent cations such
as NH4+ was shown by preliminary batch experiments (see supplementary information – Fig. S2).
Pb2+ was also tested in a newly prepared column for an adsorption-desorption cycle. Like the Cu2+
adsorption, EPS also showed an excellent affinity for Pb2+ (Fig. 7A). Close to 100% adsorption before
the breakthrough point was reached with C/C0 = 0.001, corresponding to effluent concentration of
Pb2+ ˂ 20 µg/L, which may be lower than the USEPA maximum permissible concentration of 15 µg/L
[38]. The qbp for Pb2+ was 1204 mg/g EPS, which is in the same order of magnitude as the qmax of the
acidic polysaccharide produced by Bacillus firmus (1103 mg/g) [37], higher than the qmax reported
for EPS from aerobic granular sludge (900 mg/g at 50 mg/L Pb2+) [1], and much higher than the qmax
of most reported ion-exchange resins (62 - 110 mg/g) [28,39,40].
The EPS’ qbp for Pb2+ (5.8 mmol/g EPS) was higher than that of Cu2+ (2.4 mmol/g EPS) and was also
at a much higher bed volume (49 BV for Pb2+ compared to 6 BV for Cu2+). This is likely due to the
difference in EPS adsorption affinities between the two metal ion species. The binding affinity of
metal ions is strongly dependent on the ion’s charge density, which in turn is inversely related to
the hydrated ionic radius [9,41]. Since Pb2+ has a smaller hydrated ionic radius than Cu2+, it,
therefore, has a higher charge density and a stronger affinity to adsorb to EPS.
The desorption test with 0.1 M HCl shows a recovery of 90% in a 10-time concentrated Pb2+ solution
(Fig. 7B), demonstrating the possibility to also successfully recover Pb2+ from aqueous solution with
EPS.

A

C/C0
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0

0

B

2500
Concentration of Pb2+
desorbed, mg/L
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80
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1500
1000
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0

0

4

8

Bed volumes

Fig. 7. (A) Pb2+ adsorption as a function of effluent concentrations and bed volumes; C0 = 50 mg/L. (B)
Desorption of adsorbed Pb2+ from EPS.
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Fig. 8. Molar equivalents of the eluted EPS counter ions (K+, Ca2+, Na+, Mg2+) compared to the adsorbed Cu2+
(A) and Pb2+ (B) over the bed volumes.
Table 3. Total molar equivalents of adsorbed metal ions (Cu2+ and Pb2+) and the eluted EPS counter ions.
Metal ions

Cu2+ adsorption
(meq)

Pb2+ adsorption
(meq)

Adsorbed metal ion

0.69

0.61

Eluted K+

0.28

0.47

Eluted Ca2+

0.10

0.08

Eluted Na+

0.07

0.04

Eluted Mg2+

0.02

0.03

Total eluted metal ions

0.47

0.61

3.6. Adsorption mechanism
Apparently, mixed EPS (mixed composition – consisting polysaccharides and proteins, and mixed MW
– high, medium and low MW fractions) produced aerobically under the nitrogen-limited condition
have an excellent affinity for heavy metals, namely Cu2+, Pb2+, and also for Au3+ (see supplementary
information – Fig. S4). This can be explained based on their composition, charge density and
molecular weights. The main functional groups of the EPS polysaccharides and proteins (–COO-, –
NH2, OH) can serve as effective binding sites [9]. With more than half of the polysaccharides being
uronic acids, the carboxyl group is likely the main functional group contributing to the binding ability
and has been reported to have the strongest binding affinity out of the three functional groups
present [9]. The hydroxyl group of neutral polysaccharides and the amine group of proteins have
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also been found to bind with metals, although they typically exhibit a weaker binding ability than
carboxyl groups due to their relatively higher pKa values [8,9]. The presence of carboxyl and amine
groups also makes the charge density of EPS pH-dependent. At a high pH (˃ 10), the carboxyl and
amine groups are deprotonated, leading to a high charge density [13] and more metal adsorption
via the ion exchange mechanism [9]. Furthermore, the distribution of the many charges on the long
polymeric chains and associated electrostatic repulsion is likely to keep the polymer in an uncoiled
conformation and provide accessible binding sites for adsorption. It is also worth mentioning that
these two EPS properties (high molecular weight and high charge density) also make EPS effective
flocculants for particle adsorption and agglomeration [12].
From the column experiment, we could also determine if the metal adsorption by EPS was
exclusively based on ion exchange or not, by determining the molar equivalents of the EPS counter
ions (K+, Ca2+, Na+, Mg2+) in the effluent. Although summarised in Table 3, Fig. 8A and B give a more
vivid picture of the exchange of the counter-ions with Cu2+ and Pb2+, respectively. In both Figures,
K+ was the main EPS counter-ion (due to the washing step with 10 mM KOH) and was predominantly
eluted. K+, along with the other counter-ions, followed the same trend as the adsorbed metal,
demonstrating that, as Cu2+ or Pb2+ was being adsorbed, the counter-ions were simultaneously being
eluted from the EPS. Overall, Pb2+ adsorption by EPS appears to be exclusively via ion exchange
(99.7% molar equivalents exchange) with K+ exchange contributing the most (76%) (Fig 8B). Ion
exchange for Cu2+ adsorption (in the first cycle, Fig 8A) accounted for 68%, with K + exchange also
contributing the most (40.8%) and the remaining 32% may be attributed to other mechanisms such
as complexation or precipitation [7,9]. Although complexation was more likely to occur due to the
presence of COO-, OH, and NH2 groups on the EPS that can serve as metal-binding ligands [9],
precipitation is also possible (considering the pH in the column during adsorption was 6 - 8). For
instance, Cu(OH)2 precipitate was reported as the major form of Cu2+ at pH above 6.6 [9].
Notwithstanding, ion exchange mechanism proves to play the leading role in Pb2+ and Cu2+
adsorption on EPS. This is also in accordance with the findings of Wei et al. [42] where 85.7% molar
equivalents of K+ and Mg2+ in EPS (produced by Klebsiella sp. J1) was exchanged with Pb2+.
3.7. Practical implications and outlook
Although EPS was produced from a specific wastewater, we expect that some other biodegradable
industrial wastewater types would also be suitable substrates, provided nitrogen is limiting.
Generally, EPS produced under nitrogen-limited conditions, which mainly consist of
polysaccharides, may have a higher MW and anionic CD than those produced from excess nitrogen
[12]. These two properties govern the immobilization and metal adsorption efficiency of the EPS.
One advantage of this technology is the ability to adsorb heavy metals (in low concentrations) to
reach trace concentrations in the effluent. This is important to meet the limits for drinking water or
effluent discharge quality for surface water. In addition, the alkali solution used for EPS regeneration
could be reused for several regeneration processes instead of disposing of after a one-time use.
Although we have proved the reusability of an immobilised EPS for five adsorption-desorption
cycles, more extended experiments will be needed to thoroughly test their durability for multiple

166

166

Regeneration and reuse of EPS for heavy metal recovery

cycles as found in ion-exchange resins. However, compared to commercial resins, EPS are
considered low-cost biosorbents [11], which could be beneficial from a business case perspective.
The studied system could be further optimised by using a cationic polymer with a lower charge
demand since a significant fraction (about 75%) of the flowed EPS had to be sacrificed to bind with
the PEI.
Selective separation is an important factor that still needs further study. It may be necessary to
study how different EPS fractions (soluble and bound EPS) or EPS produced under different
conditions (fresh versus saline wastewater grown on different substrates, with and without nitrogen
limitation) may have different selectivity for specific metals. Furthermore, the desorption process
needs to be optimised to obtain higher concentration factors compared to a factor of 10 used in this
study.
4.

Conclusions

EPS produced from nitrogen-limited wastewater were immobilised in a column and used to adsorb
Cu2+ and Pb2+ in a continuous process. For the first time, the possibility to regenerate and reuse the
immobilised EPS for repetitive adsorption-desorption cycles was successfully shown for Cu2+, with
no reduction in the adsorption capacity as indicated by stable breakthrough points (qbp). In all the
cycles, 99.9% of influent Cu2+ was adsorbed before the breakthrough points (effluent concentrations
˂ 50 µg/L), and an average of 86% could be recovered in a 10-time concentrated Cu2+ solution and
99% recovery in a 5-time concentrated Cu2+ solution. Quite similar results were also obtained for
the adsorption-desorption cycle of Pb2+ (close to 100% adsorption and 90% desorption in a 10-time
concentrated Pb2+ solution).
Interestingly, the mechanism of adsorption was discovered to be via ion-exchange, especially for
Pb2+ adsorption, with 99.7% molar equivalents exchanged between the adsorbed Pb2+ and the
eluted EPS counter ions. For the EPS-Cu2+ interaction, ion-exchange accounted for 68% of the
binding, suggesting other mechanisms also in operation.
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Supporting information of Chapter 6
Table S1. Calculations of the amount (mass and charge equivalent) of PEI and EPS immobilised in the column.
TOC value of influent PEI

5.7 ± 0.1 g/L

TOC value of (re)circulated PEI

4.5 ± 0.2 g/L

TOC value of PEI retained in column

1.2 g/L (calculated by difference)

TOC value of PEI adsorbed in the column (after flushing with water)

0.51 g/L

Fraction of PEI concentration immobilised in the column

0.09

Mass of PEI immobilised in the column

45.4 mg

Charge equivalent of PEI immobilised in the column

0.66 meq

TOC value of influent EPS

5.3 ± 0.3 g/L

TOC value of (re)circulated EPS

2.2 ± 0.0 g/L

TOC value of EPS retained in column

3.1 g/L (calculated by difference)

TOC value of EPS adsorbed in the column (after flushing with water)

1.6 g/L

Fraction of EPS concentration immobilised in the column

0.31

Charge equivalent of EPS attached to PEI

1.06 meq (using a stoichiometry
ratio of 1.6 meq of EPS to 1 meq of
PEI)

Thus, mass of EPS attached to PEI

115.4 mg

Mass of EPS with sites available for binding with heavy metals

39.1 mg

Charge equivalent of EPS available for binding with heavy metals

0.35 meq
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Table S2. EPS organic fractions measured by size exclusion chromatography using liquid chromatographyorganic carbon detection (LC-OCD). LMW: low molecular weight.
EPS organic fraction
Biopolymer organic carbon

Concentration
mg/g EPS
239.0

Percentage of fraction in DOC

Biopolymer organic nitrogen

9.6

Building blocks organic carbon

109.5

Building blocks organic nitrogen

9.0

LMW neutrals organic carbon

21.4

5%

LMW acids organic carbon

11.3

3%

Hydrophobic organic carbon a

58.7

13%

Chromatographic dissolved b
organic carbon

380.0

87%

Dissolved organic carbon

438.7

100%

54%

25%

6

a

Hydrophobic organic fraction (HOC) is the fraction of the dissolved organic carbon (DOC) that is retained in the column
due to hydrophobic interactions.
b

Chromatographic DOC is the fraction of DOC that passes through the column and is separated into the biopolymer
organic carbon, building blocks organic carbon, and organic carbon of the LMW neutrals and acids [16].

Fig. S1. LC-OCD chromatogram of the produced EPS showing the four biopolymer chromatographic peaks of
EPS (shown with arrows).
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Fig. S2. Batch studies on the removal of Cu2+, Pb2+, Zn2+ and NH4+ from aqueous solution using EPS. Cu2+ and
Pb2+ were tested for S-EPS, while Zn2+ and NH4+ were tested for both soluble and bound EPS fractions. Bound
EPS were extracted according to the method described by Ajao et al. [12].
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Fig. S3. Adsorption of Cu2+ by silica gel packed in a column (control experiment).
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Fig. S4. A - Adsorption of Au3+ (from AuCl3∙2H2O) in a column packed with EPS, C0 = 10.7 mg/L. B - Desorption
of adsorbed Au3+ from EPS. C - Molar equivalents of the eluted EPS counter ions (K+, Ca2+, Na+, Mg2+) compared
to the adsorbed Au3+.
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S5. Analysis of EPS sugar composition
Neutral sugar composition was determined in duplicates according to Englyst and Cummings (1984).
After a pre-hydrolysis with 72% (w/w) H2SO4 for 1 h at 30 oC, the samples were hydrolysed with 1 M
H2SO4 at 100 oC for 3 h. The monosaccharides were derivatised to their alditol acetates and analysed
by gas chromatography (Focus-GC, Thermo Scientific, Waltham, MA, USA). Inositol was used as the
internal standard.
Uronic acid content was determined according to the automated colorimetric m-hydroxydiphenyl
assay [43] using an auto-analyser (Skalar Analytical B.V., Breda, the Netherlands). Galacturonic acid
was used for calibration [44].
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Fig. S5. Harvested EPS sugar composition.
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1.

Microbial EPS: from nuisance to application

The occurrence or production of EPS in systems such as water distribution and membrane-based
water treatment systems are undesirable and poses a serious issue, namely biofouling. Biofouling
in the aforementioned systems decreases water flow rates and may lead to increased chemical and
energy consumption. However, a closer study of EPS properties reveals much more: they are
composed of high molecular weight (MW) substances such as polysaccharides and proteins, possess
a net anionic charge, are generally non-toxic, biodegradable and amphiphilic [1]. These properties
make them attractive biopolymers that can be used as biodegradable flocculants and cost-effective
heavy metal adsorbents.
The focus of this research was to investigate how to select and valorise industrial wastewater to EPS
while simultaneously treating the wastewater, the applications of the produced EPS as
biodegradable flocculants and heavy metal adsorbents, and to understand the flocculation and
metal-adsorbing mechanisms of these biopolymers. A systematic approach was followed to study
three aspects of the technology value chain (EPS production, characteristics and application) and
how they are linked to one another. This resulted in scientific findings regarding suitable
wastewaters to produce EPS in practice and how carbon substrates and reactor conditions influence
the composition, characteristics and application of EPS (summarised in Fig. 5).
2.

EPS production and operational considerations

2.1.

Wastewater suitability

EPS, being secondary products of microbial metabolism, require energy for their biosynthesis. This
energy typically comes from the break down (catabolism) of assimilated substrates. First, suitable
wastewater for EPS production should contain a significant fraction of small, soluble and
biodegradable substrates. Thus, wastewater containing biomacromolecules would need to be first
hydrolysed before they can be taken up by microorganisms. In practice, most wastewaters contain
both soluble and insoluble (particulate and colloidal) COD and their ratios may influence the
suitability of a substrate to produce EPS. While biodegradable soluble COD may be metabolised to
produce secondary metabolites such as EPS, insoluble but biodegradable organics can be hydrolysed
but perhaps not completely within the short solids retention time (SRT) that is required to obtain
high EPS yields (later discussed).
Second, the type of soluble organic compound (carbon source) present in the wastewater also
determines how it is assimilated into the microbial cell and how it is metabolised to EPS within the
cell. Small uncharged molecules such as glycerol can cross the cell membrane via facilitated passive
diffusion through its concentration gradient. On the other hand, the movement of most sugars and
charged molecules such as acetate involves an active transport system whereby ATP hydrolysis is
needed to gain energy to drive the substrate uptake against its concentration gradient [2,3]. In the
latter case, it is likely that less energy is spilled (or remains) by microorganisms to synthesize
secondary metabolites such as EPS [4]. Moreover, substrates (such as glycerol) that lead to the
production of EPS rich in oxidised substituents (e.g., uronic acids) have been reported to have high
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EPS (particularly exopolysaccharides) yield due to the low energy demand needed to synthesize
acidic exopolysaccharides [5,6] (Chapter 4).
In Chapter 4, the concept of non-equivalent substrates in terms of bioenergetics [6,7] was
investigated, whereby ethanol (an energy-rich substrate) was added as a co-substrate to energydeficient substrates such as glycerol, glucose and acetate, to increase the yield of EPS compared to
the use of a single substrate. Although the addition of ethanol to glycerol and glucose led to lower
EPS yields, ethanol addition to acetate increased EPS yield when compared to EPS produced from
sole acetate. Hence, the non-equivalent substrates concept proposed by Babel and Muller [7] to
intensify EPS production in single cultures [6] may not be absolutely applicable for mixed cultures.
The more surprising result, which still needs to be further investigated, was the high EPS recovery
(69% wastewater-COD recovered as EPS-COD) obtained when acetate/ethanol substrate was fed to
an EPS-rich sludge. Although the results are promising as it may pave the way for intensifying EPS
production, further experimental evidence (such as isotope labelling and tracing) is still needed to
substantiate the metabolic roles of energy-excessive and deficient substrates in mixed cultures
producing EPS. A practical application of this finding is that, to obtain high EPS yield from paper
factory wastewater (which is acetate-rich), it may be vital to first enrich the reactor with EPSproducing microorganisms by first operating with glycerol (or biodiesel wastewater) and then switch
to the paper wastewater, with the continued addition of a little ethanol to the reactor.
In Chapter 4, we also discussed the microbial population in the reactors producing EPS from
different substrates. Even for a narrow substrate range, many bacterial groups (typically the fast
growers, due to the 2-day SRT) were surprisingly present under the different feeding conditions.
However, none of them was always dominant in the same reactor when switched from a single
substrate (e.g., glycerol) to dual substrates (e.g., glycerol + ethanol). In most cases, two or more
possible EPS-producing genera (such as Mucilaginibacter, Xanthobacter, Acinetobacter, Caulobacter
and Sphingobium) developed within the same reactor when fed with different substrates. But with
surplus EPS in some reactors, some EPS-degraders (Luteolibacter and Verrucomicrobium) were also
present. Worthy of note is the likely competition between extracellular and intracellular polymer
(EPS and polyhydroxyalkanoate, respectively) production when one of the reactors (inoculated with
aerobic sludge from WWTP) was fed with acetate. In the reactor, Erysipelothrix and Acinetobacter
were the dominant genera and some of their members may be responsible for the PHA production.
Third, the wastewater COD/nitrogen ratio: EPS biosynthesis has been reported to be generally
induced by various stress factors such as salinity [8], nutrient limitation [9], or even the presence of
toxic substances such as heavy metals [1]. Of particular interest is the effect of nutrient (nitrogen or
phosphorus) limitation [9]. Although not studied in this thesis, phosphorus limitation (100:5:0) was
reported by Bura et al. [10] to enhance EPS production. However, the effect of phosphorus
limitation seems to have a lower impact on EPS yield [10] compared to the effect of nitrogen
limitation investigated in Chapter 3. Hence, waste streams with a high COD/N ratio (such as
biodiesel, soda/sugar beet, pulp and paper, and liquor industrial wastewaters) would be preferred
to obtain high EPS yields. This makes high strength industrial wastewaters with high COD and limited
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nitrogen content the most suitable wastewater type for EPS production, while municipal
wastewater (which usually has low COD levels and contains excess nitrogen) is less appropriate.
Moreover, unlike municipal wastewater, it is also possible to select industrial waste streams that
are of known chemical composition and free of particles, pathogens and heavy metals. Since EPS
can adsorb to heavy metals, the use of a heavy metal-polluted wastewater will lead to the
production of a heavy metal-contaminated EPS, which may result in the undesired leaching of
metals into the environment. Ditto when the utilised wastewater contains pathogens.
2.2.

Reactor design and operation

2.2.1. Maximising EPS volumetric productivity
To upscale EPS recovery from wastewater, the concentration of EPS produced and retained in the
reactor should be high enough for cost-effective harvesting, purification (if desirable) and drying.
The highest EPS concentration obtained in this thesis was 3.1 g EPS/L sludge (Chapter 4) and is the
highest reported for sludge systems, although not surprising because this study was dedicated to
obtaining high EPS yields. However, the concentrations obtained in this thesis are lower than what
can be attained with pure cultures – which can be as high as 28 g/L [11]. With respect to the MBR
used in this study (effective volume 3.3 L), one way to increase the EPS concentration is to simply
use a smaller reactor. On a large scale, the solids concentration factor will play a crucial role. With
complete membrane retention and in the absence of mineralisation, the solids concentration factor
is determined as the ratio between the solids and hydraulic retention times (SRT/HRT ratio) [12].
Although the effect of SRT will be discussed in the next section, it is desirable to keep the HRT as
short as possible, provided good wastewater treatment is not jeopardised.
Keeping in mind the high viscosity of EPS in reactors dedicated for this purpose (Fig. 1 and Chapter
3), when upscaling, EPS production should be aimed at the highest possible concentration that can
still ensure adequate mixing and sufficient oxygen transfer. Effective mixing is vital to reduce the
formation of undesired biofilms on surfaces instead of floating flocs, minimise membrane fouling if
an MBR is employed, and more importantly, ensure good oxygen diffusion within the EPS-rich
sludge. The physical limit of oxygen transfer rate in aerated reactors is reported to be approximately
5 g/L/h, but it should be noted that this involves expensive industrial fermentation reactors with a
very high volumetric power input [13,14]. Although it is possible to apply intensive oxygen input in
EPS-producing reactors, it is likely more profitable to optimise mixing and make a compromise
between maximising volumetric productivity and optimising aeration and mixing, which are both
energy-consuming.
2.2.2. Membrane versus membraneless bioreactor for EPS production
Although the use of membrane bioreactors (MBRs) for combined wastewater treatment and EPS
production (as employed in this thesis) looks counter-intuitive due to the expected fouling of the
membrane (Fig. 2 A and B), they were employed in this research for two reasons. First, biomass and
EPS can be effectively retained and concentrated in the reactor, especially under high EPS
production rate when the sludge becomes viscous (Fig. 1). In this case, systems such as the
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sequencing batch reactor will be ineffective because the produced viscous sludge has a low
settleability. Second, MBRs provide an adequate solution to the sedimentation problems often
encountered under saline conditions [15].

Fig. 1. Viscous sludge produced
from the MBR treating fresh
wastewater at a COD/N ratio of
100 (Chapter 3).

7

Fig. 2. Fouling of membranes submerged in the
membrane bioreactors (MBRs): (A) – membrane
of the MBR treating fresh wastewater at a
COD/N ratio, of 100,
(B) - membrane of the
MBR treating saline wastewater at a COD/N ratio
of 100 (Chapter 3).

In practice, the use of MBRs would be cumbersome and costly due to the constant fouling of the
membranes. An alternative would be to use the foulant (EPS) itself as a membrane by developing a
self-forming dynamic layer of EPS on a porous support (pore size can be as small as 10 - 100 µm or
as large as 2 mm [16]). The use of such a separation system has received increasing interest in recent
years and is reported to show excellent organic pollutant removal with stable and high quality
effluents [16–19]. Although this reactor system has not been employed for dedicated EPS
production coupled with wastewater treatment, it could be a cheaper alternative to the
conventional MBR systems, while still retaining the aforementioned advantages of using an MBR.
However, it is worth mentioning that the performance of a dynamic membrane for wastewater
treatment depends on factors such as the cake density, cake structure and cake components [20],
which in turn depend on the bulk composition. Hence, these factors still need to be further
researched in light of combining biological wastewater treatment with high EPS recovery.
While a retention system is necessary for wastewater with low COD to concentrate and accumulate
the produced EPS, it may not be needed when the wastewater COD is high and the HRT of the
system is short (as previously discussed). In this case, the produced EPS will have a high
concentration that can be harvested from the reactor effluent.
2.2.3.

Effect of solids retention time (SRT) on EPS production

With respect to reactor operation, SRT is a crucial parameter for achieving a high EPS yield. In most
conventional WWTPs, relatively long SRTs (typically 8 - 30 d) are employed to primarily keep the
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very slow-growing nitrifying bacteria in the system, as well as to reduce sludge production and
ensure high quality effluents. However, this is done at the expense of high oxygen (and energy)
consumption, which leads to mineralisation of about 50 - 60 % of the wastewater organics.
In another study (not reported in this thesis) where we investigated the effect of different SRTs on
EPS recovery (Fig. 3), EPS recovery first increased with increasing SRT (typically 1 - 3 d), after which
it drastically declined as the SRT was further increased (8 - 15 d). Faust et al. [21] also observed a
similar phenomenon with municipal wastewater. With increasing sludge retention (SRT > 5 d,
according to Faust et al. [21]), a large fraction of the wastewater-COD is oxidised instead of being
converted to secondary metabolites such as EPS. Furthermore, a short SRT helps to avoid hydrolysis
of the produced biopolymer and, perhaps, to wash out the EPS degraders from the system as much
as possible. Thus, reactor operation should be such that the SRT is as low as possible to ensure
maximum EPS recovery and optimal wastewater treatment. With this approach, as high as 54% of
the wastewater-COD can be converted to EPS-COD, reducing the fraction of oxidised COD to 20 25%, and the remaining 20 - 25% for biomass growth (Chapter 3, supplementary information).
The minimum SRT that is required is determined by the maximum specific growth rate of the key
EPS-producers, which are typically the fast-growing bacteria, such as is reported in Chapter 4. More
than 80% of the main EPS-producers highlighted in Chapter 4 belong to the phylum Proteobacteria,
which have also been reported to grow in high-loaded MBRs operated at extremely short SRTs (≤ 1
d) [22]. Such rapidly growing cells are reported to spill more energy (as much as 25% of their ATP)
to produce secondary metabolites, compared to the slow-growing bacteria [4].

EPS recovery (%)
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Fig. 3. The influence of solids retention time (SRT) on EPS recovery. Substrates: glycerol/ethanol mixture
(ratio 1:1 based on g COD glycerol: g COD ethanol); COD/N ratio 87 ± 6; Influent COD: 1 g/L. Dashed lines are
to guide the eye.
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3.

EPS characteristics

Over the past decades, numerous techniques (both physical and chemical methods) have been
explored for characterising EPS in biofilms, effluents and sludges from biological processes, and soils
(Table A1 - Appendix). Despite these available techniques, little is known regarding the metabolic
pathways involved in EPS biosynthesis, their molecular composition and structure, structurefunction relationships that could lead to the identification of new applications and markets, to
mention a few [23]. These hurdles exist primarily due to the complexity and diversity of EPS in multispecies biofilms and wastewater sludges. In light of these barriers, this thesis provides more insight
into the molecular composition of EPS produced from nitrogen-limited wastewater from different
substrates (Chapter 4), and the interconnectedness between EPS composition, chemical
characteristics and applications (Chapters 3, 4, 5 and 6).
3.1.

EPS composition

The chemical nature of wastewater-produced EPS is diverse and heterogeneous, generally
comprised of polysaccharides, proteins, humic substances, lipids and nucleic acids [1].
Polysaccharides and proteins are the major components (50 - 90 %) and their ratios depend on
several factors such as the SRT and the wastewater carbon/nitrogen ratio [1]. At long SRTs (typically
≥ 5 d), most studies reported higher EPS-protein content than polysaccharides [21,24–26], perhaps
due to the preferential hydrolysis of polysaccharides at an increasing sludge or biofilm age [21]. A
similar phenomenon was also observed in this thesis. In Chapter 2, where the SRT was 15 d, the
polysaccharide/protein ratio was 0.7, compared to the result in Chapter 3 where a ratio of 1.3 was
obtained for an SRT of 3 d (other reactor conditions were similar: glycerol/ethanol-rich wastewater;
COD/N 16 and 20, respectively).
Additionally, the COD/N ratio of wastewater also influences the ratio of EPS-polysaccharides to
proteins. As reported in Chapter 3 and by other researchers [27–29], reactors operating under
nitrogen-limited conditions (i.e., wastewater with a high COD/N ratio) produce EPS with a higher
polysaccharide content than proteins, provided other conditions are kept constant. Excess energy
under limited nitrogen is converted to extracellular polymers, especially polysaccharides (which do
not contain the growth-limiting nutrient) [9], possibly as a means to store carbon under unbalanced
C/N ratios [30]. Moreover, microbial polysaccharides are less energy expensive (~ 12.6 mmol ATP/g)
to synthesize compared to proteins (~ 36.4 mmol ATP/g) [4].
It is however surprising that EPS-proteins (these may be or include peptides or exoenzymes) are
produced even under nitrogen-limited conditions (such as COD/N of 100 in Chapters 3 and 4), which
is contrary to the ‘stoichiometric’ expectation of COD/N ratios in biological wastewater treatment
processes (typically COD/N ratio 20 ± 10). One would have imagined the exclusive production of
exopolysaccharides, while microorganisms utilise the insufficient influent nitrogen for survival (cell
growth and maintenance). However, Redmile-Gordon et al. [31] demonstrated that microorganisms
are able to invest extracellularly after ‘speculating’ nitrogen shortage. In this way, they accumulate
peptides or proteins as a means to harvest nitrogen from the environment for cell growth, with the
aid of hydrolytic enzymes retained in the EPS-rich matrix. A similar phenomenon was also reported
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by Wang and Yu [32]. A further investigation into the energy requirement for producing extracellular
proteins in Escherichia coli (as a model) reveals the conservative nature of microorganisms in
producing economic amino acids extracellularly [33]. In other words, the average energy cost for
producing extracellular proteins was found to be significantly lower than the costs of intracellular
proteins (cytoplasmic, periplasmic, and membrane proteins). These findings may justify the
considerable amount of EPS-proteins (up to 15 wt%) recovered in our nitrogen-limited systems, but
overall, EPS-polysaccharide content was much higher than proteins.
While carbon is a vital requirement for substantial EPS production, excess or shortage of (inorganic)
nitrogen affects the microbial secretion of both EPS-polysaccharides and proteins (Chapter 3). The
interesting implication of this is that EPS composition can be fine-tuned by using influent nitrogen
(and perhaps SRT) as a ‘switch’ to either produce protein-rich EPS or polysaccharide-rich EPS,
depending on the intended application, but keeping in mind that excess nitrogen results in a
reduced EPS yield (Chapter 3).
Based on the results in Chapter 3 that reveal the positive effects of nitrogen limitation on EPS
production, composition and characteristics (for our intended applications), the experiments in
Chapters 4 to 6 were carried out under the same condition (limited nitrogen). Hence, the produced
EPS were mainly composed of polysaccharides as the biopolymer, with low amounts of proteins. For
this reason, the sugar composition of the EPS produced from different carbon substrates was
characterised using Gas Chromatography. As reported in Chapter 4, EPS sugar composition and
content varied with the utilised substrate. While the glycerol-containing substrates led to the
production of uronic acid-rich EPS, the acetate-containing substrates were mainly composed of
mannose and galactose, while ethanol substrate resulted in a fairly uniform distribution of mannose,
galactose, fucose, rhamnose, glucose and uronic acids in the produced EPS. EPS synthesized from
the glucose-containing substrate were mainly composed of mannose, galactose and xylose, and only
the EPS from this substrate also contained significant amounts of pentoses (arabinose and xylose).
It has been reported that polysaccharides with oxidised substituents such as uronic acids require a
lower energy investment (and even result in energy generation) compared to neutral
exopolysaccharides. This may partly justify the higher EPS yields obtained from glycerol substrates
compared to the other substrates mentioned above.
3.2.

Average molecular weights of EPS

The general biosynthetic pathway of extracellular polymers, namely exopolysaccharides, can be
divided into four stages: (i) the synthesis of a precursor substrate, (ii) cytoplasmic membrane
transfer and polymerization, (iii) periplasmic transfer and modification, and (iv) export through the
outer membrane [34,35]. The second stage determines the MW and chain length of the produced
EPS, while the EPS’ charge densities are determined during the second and third stages (during the
polymerisation and post-polymerisation modification stages, respectively). In mixed cultures, the
degree of polymerisation and post-polymerisation modification vary with the EPS-producing
bacteria, leading to heterodispersed molecular weights.
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Fig. 4. Molecular weight distribution profile of soluble-EPS extracted from Chapter 6 (A) and Chapter 3 (B);
analysed with liquid-chromatography-organic carbon detection (LC-OCD).

Hence, aside from the compositional heterogeneity of wastewater-derived EPS, they are also
heterodispersed in size (Fig. 4 A and B), with MW typically ranging between 1 kDa to as high as 4000
kDa [1,36,37], depending on the sludge origin, which in turn is contingent on several factors that
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affect EPS biosynthesis (highlighted in Chapter 1, Section 2.1). Ras et al. [37] believed that the
different size clusters are related to the different metabolic activities and functions of EPS in
microbial aggregates. For instance, the lowest MW EPS (3 - 10 kDa) have been reported to be
involved in the initial steps of cell/biofilm adhesion to surfaces [30,37], perhaps due to their higher
diffusivities and faster mass transfer to surfaces (Chapter 5). The largest polymeric fraction (≥ 1000
kDa [37]), which are slowly transported but irreversibly adsorb to surfaces, are likely involved in the
long-term attachment of biofilms (Chapter 5, [30]). Furthermore, EPS ≥ 180 kDa have been
associated with the mechanical stability of biofilms, which is achieved via the formation of a
hydrated polymeric network, often in combination with di/multivalent cations [30,37].
Although commercially developed exopolysacharides such as alginate, xanthan gum and gellan gum
are in the high MW range, typically between 500 - 2000 kDa [30,38], most studies have however
reported lower MWs (˂1 - ˂600 kDa) for EPS-polysaccharides produced from wastewater [36,37,39–
41]. There can be several reasons for the lower MW reported, but the most plausible explanations
are (i) the high SRT (10 - 60 d) operation of these studies, and (ii) the low COD/N ratio of the
(waste)water. At long SRTs, EPS components, particularly polysaccharides, are degraded to low MW
products that can be further utilised as carbon and energy sources [30]. But as shown in Chapters 3
– 6, high MW polysaccharide-rich EPS (1000 - 4000 kDa) can be preferentially produced at shorter
SRTs irrespective of the consumed carbon source. Chapter 3 further revealed that by employing a
nitrogen-limited (waste)water, the produced EPS had a (slightly) higher MW than the corresponding
EPS produced under an excess nitrogen condition.
3.3.

Charge densities of EPS

Most EPS possess at neutral pH a net negative charge due to the predominant presence of anionic
functional groups like carboxyl and phosphoryl groups, outweighing positive charges such as amino
groups present in lower numbers. Hence, the charge density (CD) of EPS is pH-dependent: CD
increases with pH due to increased deprotonation degree of the functional groups (–COO- and –
NH2), and vice versa at lower pH (having the protonated forms of –COOH and –NH3+) – Chapter 2.
Although several studies have investigated the electrokinetic potential (zeta potential, mV) of EPS
under different conditions [42–45], only a few studies [46–48] have examined the actual charge
density (equivalents of charge per weight of EPS). Boyette et al. [48] and Morgan et al. [47] reported
EPS anionic CD values of 0.2 - 0.9 meq/g at neutral pH, while Mikkelsen reported 1 - 3 meq/g (SRT
30 - 35 d). Similarly, the produced EPS in Chapter 2 of this thesis (at an SRT of 15 d) had anionic
charge density values between 1.5 - 2.9 meq/g at pH 7. The corresponding EPS in Chapter 3, which
were produced at a shorter SRT of 3 days, had a higher charge density (2.7 - 4.7 meq/g at pH 7). This
implies that the charge densities of EPS depend on the sludge age. As reported in Chapters 3, 4 and
5, the anionic charge density of EPS increased with a higher polysaccharide (especially uronic acids
– Chapter 4) content in EPS, and the other way around. Hence, at a long SRT that leads to reduced
polysaccharide content, the produced EPS have been observed to have a low anionic charge density
(typically ˂ 3 meq/g). This gives the possibility to control (to some extent) the charge of EPS to be
produced.
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7
Fig. 5. Summary of the key factors influencing EPS production (left) and the resultant EPS characteristics
linked to some applications (right).

4.

Application of EPS as flocculants

The relatively high MW of EPS and their solubility in water make them suitable polymers for
flocculation. Due to their net negative charge, their application is, however, limited to (some)
environments where anionic flocculants can be employed (listed in Table 1). By the way, about 70%
of the flocculant market is dominated by anionic flocculants (personal communication with Ronald
van Rossum, Kemira, Netherlands); hence, EPS could be an attractive alternative for some
environments where synthetic flocculants are used.
Like synthetic anionic flocculants, the flocculation mechanisms of EPS involve divalent cationic
bridging and/or hydrogen bonding, depending on the particle type, ionic strength, and the type of
cation present in the flocculation environment. In suspensions of high ionic strength (typically ≥ 0.5
M), the electrostatic repulsion between particles are completely suppressed [49,50], leading to
hydrogen bond formation between the hydroxy group of EPS-polysaccharide (or the amide group
of EPS-protein) and the surface hydroxy groups of particles, namely clay particles such as kaolinite.
But at lower ionic strength (˂˂ 0.5 M), hydrogen bonding can barely occur due to the expanded
electrostatic repulsion between particles (Chapters 2 and 5). Hence, di/multivalent cationic bridging,
rather than hydrogen bonding, governs the flocculation process in such systems. Despite
electrostatic repulsion, Ca2+, for instance, can bridge between anionic groups on EPS and the
negative sites of the particles [51,52]. This is not to say that both mechanisms (hydrogen bonding
and divalent cationic bridging) cannot take place concurrently in some environments, for example,
in systems with a moderately high ionic strength (0.3 - 0.5 M) having sufficient di/multivalent cation
concentration.
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Table 1. Applications of synthetic anionic flocculants.
Industry

Flocculant application

Dredging and land reclamation

To enhance settling of clays, sediments and soil slurry; as a
pretreatment to improve the dewatering of soil slurry for land
reclamation [53].

Clay mineral processing

To enhance settling and separation of clay particles from suspension
[54].

Oil: drilling and fracking

Drilling: to aggregate and separate clay minerals present in waste
drilling fluids before disposal of this fluid to the environment [55].
Fracking: Viscous polyelectrolytes are added to fluid to push oil and
gas to the well [56,57].

Extrusion and tunnelling

To aggregate and separate clay particles (e.g. bentonite) from their
slurry.

Water and wastewater treatment

To remove suspended and colloidal particles, thereby decreasing
water turbidity. Wastewaters from different industries such as food,
pharmaceuticals, paint, dyes, cement, and paper making, contain
(clay) particles that need to be removed before further (biological)
treatment [54].

Cosmetics

As thickening agents in cosmetic products; to remove clay minerals
from industrial effluents – clays such as kaolinite are used in the
cosmetic industry [54].

Mining

To aggregate and separate particles from copper tailings, coal
tailings, and the like; to remove particulate phosphates; for brine
clarification; barite thickening; to mention a few [58–60].

4.1.

Advantages, limitations and potential markets

With a large fraction of synthetic anionic flocculants used in open system applications (such as
dredging and land reclamation, oil drilling and fracking, tunnelling and mining – see Table 1), this
can hardly be considered a sustainable (waste) water treatment approach due to the poor
(bio)degradability of these polymers and their possible toxic effects (discussed in Chapter 1, Section
2.2.1). As also highlighted in Chapter 1 and summarised in Table 2, wastewater-produced EPS can
be attractive alternatives in such applications. Particularly interesting are their effectiveness at very
low dosages (typically between 0.1 - 0.5 mg/g particles) and their ability to efficiently flocculate
mixed particles due to their mixed MW composition (Chapter 5). Furthermore, EPS with a low CD (˂
3.5 meq/g) are not prone to colloid restabilisation, unlike most polyacrylamide-based flocculants
(Chapters 2 and 3, [51,61]).
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Fig. 6. Effect of mixing speed (A) and time (B) on the flocculation of Twentekanaal surface water.

However, wastewater-based flocculant is also not without its limitations (listed in Table 2). The main
challenge is the polymer property dependence on the utilised substrates and the reactor condition
(Chapter 4). In practice, varying substrate composition is likely to affect the main polymer
properties, namely MW and CD. Nonetheless, it is expected that under a nitrogen-limited condition
and at a relatively short SRT, the produced EPS would have an average MW of at least 1 MDa and a
CD of at least 2 meq/g at neutral pH (as the minimum viable product, based on Chapters 3 and 4).
Another limitation is their reduced effectiveness in flocculating water particles of low concentration
(typically ˂ 100 mg particles/L) in fresh waters having a relatively low ionic strength (< 0.01 M). For
instance, flocculation tests on the Twentekanaal (Netherlands) surface water (15 mg/L TSS) resulted
in lower flocculation performances (Fig. 6) and required a higher EPS dosage compared to
flocculating high particle concentrations (Chapters 2, 3 and 5). In low solids concentrations, the
collision rate between particles and EPS is low, subsequently limiting particle destabilisation and
flocculation. However, this barrier can be partly overcome by increasing the mixing speed (high
enough to induce flocs but not break them) and time, as shown in Fig. 6A and B, respectively.
In this thesis, the application of EPS as flocculants focuses on its ability to agglomerate and separate
clay particles from suspension. This is particularly interesting for (open system) applications that
involve clay particle removal, such as dredging, extrusion and tunnelling, oil drilling and clay mineral
processing. In Chapters 2, 3 and 5, EPS was reported to show high kaolin clay (5 g/L clay) turbidity
removal, with efficiencies between 80 - 95 %, under both freshwater and saline flocculation
conditions, and in most cases, at an optimum dosage of 0.1 or 0.2 mg EPS/g clay. With
montmorillonite clay, the flocculation performances of EPS were even much higher (96 - 98 %
turbidity removal).
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conditions.

- Anionic: 5 – 25 mol%

Anionic: 0.2 – 20 MDa

Non-ionic: 5 – 20 MDa

Cationic: 1.7 – 7 MDa

otherwise)

Polyacrylamide (PAM)

or acrylamide-acrylic

acid co-polymers

condition.

utilised substrate and reactor

- Polymer properties depend on the

Disadvantages

application due to its source
(wastewater).
- MW not as high as some synthetic

- Effective for mixed particle flocculation.
- Its production utilises wastewater as a feedstock,
thereby contributing to a circular economy.

- MW can be as high as 20 MDa.
- Least expensive synthetic flocculant (2 - 4 €/kg).

- Non-ionic: 0

of MW and CD.

- Commercially available through a broad range

- Likely to have a lower cost than synthetic PAM.

water application in North America

- Dosage limited to 1 mg/L for drinking

- Fossil-based.

- Polymer/monomer toxicity.

to a specific MW and CD.

- Limited extent of fine-tuning EPS

mg/L).

particle concentration (typically ˂ 100

- May not be suitable for water with low

- Its production contributes to a lower CO 2 footprint. polyacrylamide.

its utilisation in drinking water

due to wide dosage range without restabilisation.

- Easier dosage control (for low CD EPS, ˂3.5 meq/g) - Social perception bias may undermine

lower than some synthetic flocculants.

- Effective at low dosage (0.1 – 0.5 mg/g particles),

- Biodegradable and generally non-toxic [1,63].

Advantages

on pH.

Anionic CD dependent

substrate and reactor

thesis, unless stated

2.7 – 5.1 meq/g,
depends on the

Anionic: 1 – 4 MDa

Wastewater-derived

Studied CD

EPS (based on this

Studied MW

Polymer

Table 2. Characteristics, advantages and disadvantages of wastewater-based flocculants compared to common synthetic flocculants (partly adapted from [62]).
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Anionic: 2 kDa – 4 MDa

Polyacrylic acid (PAA)

Non-ionic: 5 – 8 MDa

Studied MW

Polymer

Table 2 (continued).

- PAMs of very high MW (> 10 MDa)

- Long linear structure improves interparticle

- Stable due to its low degradation.

of carboxyl groups.

to offer a wide range of anionic CD.

- Can be co-polymerised with acrylamide

systems when combined with cationic flocculants

due to the sole presence

Non-ionic

- Anionic PAA is efficient in dual polymer.

Generally highly anionic

- Generally smaller in size than PAM.

carboxyl groups).

near 0 for pH under 4.5 – 5 (pK a of

- CD mainly controlled by pH and drops

countries.

as agricultural fertilizer in some

- Sludge containing PAM is not allowed

solubilisation/implementation.

hardly homogenise during

and 0.2 mg/L in European states.

- Very stable due to its low (bio)degradation.

- Cationic: 10 – 38 mol%

bridging.

Disadvantages

Advantages

Studied CD

General Discussion and Outlook
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150 g/L kaolin clay

Settled volume (mL)

100
75
50

25
0

0

10
20
Settling time (min)
Control

30

0.3 mg EPS/g clay

Fig. 7. Enhanced settling of kaolin clay by using EPS as flocculant. Left: graph showing the settled clay volume
over time. Right: image of settled clay 30 mins after flocculation. Control – clay slurry with no addition of EPS.
Flocculation with EPS was carried out with no extra addition of Ca2+. Clay was suspended in tap water, which
contained 66.6 mg/L Na+ and 38.1 mg/L Ca2+. The utilised EPS for both experiments were from Chapter 3 –
freshwater synthetic wastewater comprising glycerol/ethanol at a COD/N ratio of 100.

Fig. 8. Tilted kaolin clay flocs after settling. Left – unflocculated slurry (control); right – flocculated slurry.

To mimic EPS application in industries that flocculate high clay concentrations such as the dredging
industry, 150 and 200 g/L of naturally occurring kaolin clay were flocculated with the
polysaccharide-rich soluble-EPS produced from the glycerol/ethanol-fed reactor of Chapter 3. As
shown in Fig. 7, the addition of EPS to the clay slurry enhanced the settling speed by 43% for the
150 g/L clay concentration (left) and by 61% for the 200 g/L clay concentration (right, 0.3 mg/g clay)
after 30 mins of settling. Additionally, the flocculated clay was observed to have a more compact
sediment that did not flow after tilting at an approximate angle of 70 o, compared to the
unflocculated slurry that flowed (Fig. 8).
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Based on the above results, environments containing moderate to high clay particles (typically ≥ 2
g/L) that need to be settled or removed would make up potential markets for wastewater-based
flocculants. As previously listed, this includes dredging and land reclamation, tunnelling, clay mineral
processing, to mention a few industries. These industries do not require very pure polymer product,
which is needed in sectors such as drinking water and cosmetics.
4.2.

Cationised EPS for a broader application

Although the anionic flocculant market is the major one in the flocculant industry and anionic EPS
could be an attractive alternative (discussed above in Section 4), the EPS market can still be
broadened by the introduction of cationised EPS. For instance, sludge dewaterability and
(micro)algae flocculation can hardly be achieved with anionic flocculants [64,65]. Instead, cationic
flocculants work effectively and are employed for such applications [64,66]. These applications rely
on an effective flocculation process to lower the cost of downstream processing such as sludge
disposal or biomass valorisation to other products, e.g., microalgae for biofuel production [67] and
hydrogen-oxidising bacteria as a protein source [68].
The utilisation of anionic EPS to flocculate Synechocystis sp. PCC6803 (a freshwater
cyanobacterium), Chlorella sorokiniana (a freshwater green microalga) and a mixed community of
hydrogen-oxidising bacteria proved abortive. Despite the addition of Ca2+ (incrementally from 50 250 mg/L) prior to EPS addition (EPS concentrations between 1 - 80 mg/L), no visible floc was
formed, hence no phase separation and no change in the turbidity values of both the test and
control experiments. Granados et al [69] and ‘t Lam et al. [66] also reported the unsuitability of
anionic and non-ionic flocculants to aggregate freshwater (Chlorella vulgaris, Chlorella fusca,
Scenedesmus subspicatus and Scenedesmus sp.) and marine algae (Phaeodactylum tricornutum and
Neochloris oleoabundans), respectively. In both instances, cationic polyelectrolytes showed
excellent flocculation and recovery of algae, which is explained by charge neutralization between
the negatively charged algal cell wall and the positive active sites of the polymer. The outcome of
our study and that of others suggest that the presence or addition of di/multivalent cations to algal
cultures does not reduce the electrostatic repulsion between cells for subsequent bridging by
anionic flocculants.
Due to the above reason, the functionalisation of EPS from a net anionic state to a net cationic state
became interesting to investigate. EPS cationisation was carried out via the reaction of EPS with
glycidyltrimethylammonium chloride (GTMAC, purchased from Sigma Aldrich) in the presence of
NaOH (see appendix for the synthesis description).
A quick flocculation test revealed that one of the produced cationised EPS (9h reaction time) showed
good flocculation of Synechocystis sp. PCC6803 (81% turbidity removal) at a dosage of 5 mg/L (Fig.
9). A similar test was carried out on a saline (0.5 M Na+) mixed culture comprising hydrogen-oxidizing
bacteria. The results, shown in Fig. 10, demonstrate the possibility to employ cationic EPS for the
flocculation and concentration of such biomass, albeit at a higher dosage (≥ 75 mg/L to obtain at
least a 90% concentration) than what was required for the cyanobacterial flocculation. The higher
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dosage requirement may be as a result of the low cationic charge density (0.4 meq/g) of the
cationised EPS.

Fig. 9. Flocculation of freshwater Synechocystis sp. PCC6803 cyanobacterial culture with cationised EPS.

Turbidity removal (%)

100%

75%

50%

25%

0%

0

20

40

60

80

100

Cationised EPS concentration (mg/L biomass)

Fig. 10. Flocculation of a mixed culture comprising hydrogen-oxidizing bacteria with the use of cationised
EPS.
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5.

Concluding remarks and outlook

This thesis was primarily aimed at combining biological wastewater treatment with the recovery of
extracellular polymers as effective flocculants. The positive results in Chapters 2 and 3 (high
flocculation performance and high EPS recovery under nitrogen-limited condition) allowed us to
further investigate: other suitable substrates to produce these valuable biopolymers, the
fundamental flocculation mechanisms of these complex biomacromolecules, their application as
highly effective heavy metal adsorbents, and the use of techniques such as optical reflectometry
and gas/liquid chromatography to study their properties. The findings of this thesis can help WWTPs
valorise the organics in wastewater to useful extracellular polymers while reducing the volume of
sludge to be disposed of and the CO2 footprint of the plant. This will have a significant impact on
our quest for a circular economy and in turning WWTPs to resource recovery facilities. However, a
few research and practical questions still need to be answered to better understand EPS
biosynthesis and see the commercial fruition of this research. These are highlighted below, together
with other research directions that can further broaden the application of microbial EPS in other
fields.
i.

Further insights on EPS biosynthesis and its competition with PHA production

As described in Chapter 4, microorganisms may store excess carbon as EPS and/or PHA, since some
of the conditions for EPS production also apply to PHA synthesis (for instance, nitrogen limitation
with excess carbon) [70]. However, it is still not entirely clear when (under what conditions) and
why (the overflow metabolism [4] and preferred metabolic route) bacteria decide to store PHA or
secrete EPS. As reported in Chapter 4 and by Pal et al. [71], high PHA or EPS yield is carbon sourcespecific, hence further experimental evidence, such as isotope labelling and tracing, will be vital to
substantiate the roles of carbon source for either EPS or PHA biosynthesis, particularly under
nutrient-limiting conditions. This should be coupled with RNA-based techniques, which could
unravel the real utilisation path of carbon sources and the range of enzymatic functions present per
substrate.
ii.

Pilot studies using real wastewater

For research purposes and to better understand the different parameters that may affect EPS
productivity, synthetic wastewater was used in this thesis. However, it will be important to use the
knowledge gained from this project to scale-up the EPS production from different real wastewaters
and study the properties of the produced EPS and their flocculation performances. The following
bottlenecks noticed on lab-scale tests can be better solved by a pilot study:
•
•
•

Low daily production in a lab-scale experiment which prevents large scale testing on real
(waste)water streams.
Uncertainty about a consistent flocculant quality and quantity if produced under real-life,
fluctuating wastewater concentrations and varying temperatures.
Unknown productivities from wastewaters other than glycerol/ethanol, acetate or glucosecontaining wastewater, which if possible, may increase the production volume.
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•
•
iii.

Establishing on the pilot scale the ability to use EPS produced from real saline wastewater
(e.g., wastewater from the cheese industry) to flocculate real saline (waste)water streams.
Insufficient data to be able to set-up a detailed business case, even though preliminary data
show a positive outcome.
EPS produced from saline wastewater to flocculate particles under saline environment

One of the observations in Chapters 2 and 3 was that in flocculating particles in saline environments,
EPS produced from saline wastewater (referred to as ‘saline EPS’) consistently showed higher
flocculation performance (4 - 13 % turbidity removal) than the corresponding EPS produced under
freshwater condition (referred to as ‘freshwater EPS’). Although the reason for this could not be
further investigated during the period of this project (and could not be explained based on their
MW and CD values), a further structural elucidation of the saline and freshwater EPS may give
valuable insights on the flocculation mechanism under saline or high ionic strength conditions. One
possibility is that the structure of the saline EPS has a lower branching degree than the freshwater
EPS. Under saline or high ionic strength flocculation condition, the repulsion between the charged
segments of anionic polyelectrolytes is ‘screened’ by the cations in suspension, leading to a shrinking
of the polymeric chain [51]. Although this affects both linear and branched polymers, the shrinking
effect increases with the branching degree of the polymer.
Therefore, to fully substantiate the observed phenomenon of saline EPS to flocculate particles in
saline environments, further research is needed, perhaps on the structural level, to further
understand the difference between saline and freshwater EPS, and its effect on particle flocculation
at different salinities/ionic strengths. We hypothesize that saline microorganisms produce EPS
suitable for saline (waste)water flocculation.
iv.

EPS extraction and harvesting

Another critical issue in the EPS technological process, which was not within the scope of the thesis
but important to consider when upscaling, is the EPS harvesting and extraction process. For research
purpose, centrifugation coupled with the use of a cation exchange resin were employed to obtain
the soluble and bound EPS fractions, respectively. Since both fractions have been shown to have
similar chemical characteristics (namely molecular weight, charge density and monosaccharide
composition), harvesting the soluble EPS will be the preferred option if a choice is to be made
(Chapter 3 and 4). The soluble EPS is the major fraction (typically 60 - 95 wt%) when EPS is produced
under a nitrogen-limited condition (Chapter 3 and 4). However, the use of a centrifuge to harvest
EPS on an industrial scale is energy-intensive. Hence, there is a need for a cost-effective
technological process. Furthermore, it may be interesting to selectively extract an EPS component
for a specific application. For instance, (acidic) polysaccharides can be extracted as heavy metal
adsorbents, or EPS-proteins for food/feed application. A promising class of extractants for such a
purpose are ionic liquids [72]. Ionic liquids are regarded as ‘green’ alternatives to organic solvents
due to their low volatility and non-flammability [73]. More importantly, they have inherent
diversities that allow them to be tailored towards optimising EPS extraction, selectivity and
subsequent EPS desorption [74]. Although ionic liquids in themselves are not cheap, the ability to
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regenerate and reuse them for several extraction cycles may make them cost-effective in the long
run.
Aside from the use of ionic liquids to selectively recover specific EPS components, it will be
worthwhile to further investigate how the different EPS-MW fractions can be recovered for various
applications. For instance, anionic polyelectrolytes in the 103 – 104 Da range are used as antiscalants
and dispersants [75,76], those in the 104 – 105 Da range are employed as coagulant aid for cationic
polymers in dual polymer systems [77,78], those between 105 – 106 Da are used as paper strength
and drilling mud additives [79], and the highest MW (> 106 Da) polyelectrolytes are used as
flocculants and viscosifiers [51,56]. Hence, the different EPS fractions could be recovered and
explored for some of these interesting applications.
v.

Cationised EPS for a wider application

Although this thesis demonstrates, for the first time, the possibility to cationise microbial EPS and
employ for biomass flocculation, it will be worthwhile to follow-up on this approach to further
investigate:
•
•
•
•

vi.

the use of cheaper cationising agents, such as the deep eutectic solvent formed when
choline chloride reacts with urea [80,81].
how anionic EPS can be functionalised to give a desired cationic charge density for a specific
application.
the biodegradability and toxicity of cationised EPS in comparison to the corresponding
anionic EPS and other synthetic cationic polymers.
other applications where cationic flocculants give improved performance than anionic
flocculants, such as sludge dewatering and flocculation of particles in low concentrations.
The biggest market for cationic EPS could be in the dewatering of municipal waste sludge,
where about 3700 ton (≈ € 11 million) of synthetic cationic flocculants are used annually to
dewater waste sludge in the Netherlands [82].
EPS application as heavy metal adsorbents

Chapter 6 showed the possibility to regenerate and reuse EPS immobilised on a column for
repetitive adsorption-desorption cycles. Compared to commercial ion-exchange resins [83–85], EPS
showed much higher adsorption capacities for heavy metals such as Cu ( ~ 780 mg/g EPS), Pb ( ~
1200 mg/g EPS) and Zn (520 mg/g EPS), and even for NH4+ ( ~ 200 mg/g EPS), which is interesting for
ammonium removal in WWTPs. Being only a proof-of-principle in Chapter 6, further research is
needed to fully test its durability as a low-cost adsorption technology, with respect to:
•
•

the number of adsorption-desorption cycles of EPS before it is rendered unusable.
selectivity for specific metals: selective separation of metals is an important factor that still
needs further study. It may be necessary to study how different EPS fractions (soluble and
bound EPS) or EPS produced under different conditions (fresh versus saline wastewater
grown on different substrates, with and without nitrogen limitation) may have different
selectivity for specific metals.
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•
•

ammonium ion adsorption and recovery: this is particularly important in WWTPs where NH4+
recovery is attractive both for environmental and economic reasons.
optimising the desorption process to obtain highly concentrated metal effluent that can be
further valorised via processes such as electrowinning to obtain the recovered metal.

In conclusion, EPS are ubiquitous compounds relevant in other applications such as the food
industry, biomedical field, and soil science. Therefore, a better understanding of EPS will increase
the breadth and depth of strategies available to intensify their production and control their
characteristics for various applications.
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Appendix
Table A1. Chemical and physical methods for EPS and biofilm characterisation (partly adapted from [86]).
The underlined methods were applied for this thesis.
Characterisation technique

Type of information

Spectrometric methods
Fluorescence microscopy

Biomass quantification; microbial activity.

Photospectrometric/colorimetric

Total polysaccharide and protein content quantification; method
determination of enzyme activities.

UV-Visible spectrometry

Determination of conjugated compounds in EPS such as aromatic
humic acids and proteins.

Fluorescence excitation-emission
matrix spectroscopy

Chemical composition of EPS.

7

Chromatographic and electrophoretic methods
HPLC techniques. E.g. HPLC-MS,

Monomer composition of EPS polysaccharides (neutral and HPAEC
acidic sugars) and proteins.

LC-OCD-OND

Qualitative and quantitative fractionation of EPS into biopolymers,
humic acids, building blocks and low molecular weight substances;
determination of dissolved organic carbon and organic nitrogen in
each EPS fraction.

LC-OCD; SEC; GPC

Molecular weight (distribution) of EPS.

GC; GC-MS; GC-MS-MS

Monomer composition of EPS polysaccharides and fatty acids.

Capillary electrophoresis (CE);
CE-MS

Qualitative and quantitative characterisation of carbohydrates and
glycolipids.

2D gel electrophoresis

Protein separation.

Electrophoretic light scattering

Electrophoretic mobility and zeta potential measurements.

Other separation techniques
Field-flow fractionation

Determination of particle size distribution; characterisation of
(natural) colloids and particles.

Surface and interface characterisation techniques
Scanning electron microscopy

Biofilm structure, morphology and thickness.

Confocal laser scanning microscopy

In situ monitoring of biofilm structure; mapping of the distribution
of macromolecules in biofilms; EPS quantification by measuring the
total cell volume.

Atomic force microscopy

Topographical information of biofilms.
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Table A1 (continued).

Characterisation technique

Type of information

Optical Coherence Tomography

Biofilm quantification, morphology and thickness.

Fourier transform infrared
spectroscopy

Functional groups of EPS.

Nuclear magnetic resonance

Chemical structure determination; metabolic pathways.

Optical reflectometry

In situ monitoring of EPS adsorption on surfaces; determination of
an adsorbed amount of EPS on a layer.

Quartz crystal microbalance
dissipation

Determination of EPS adsorption on surfaces and thickness with
of an adsorbed EPS layer.

Ellipsometry

Determination of thickness and refractive index of an adsorbed EPS
layer.

Other techniques
Particle charge detection

Determination of EPS charge density.

Dynamic light scattering

Determination of size distribution profile of EPS in solution.

A2.

EPS cationisation protocol

30 mg of harvested and dried soluble EPS (produced from the experiment in Chapter 5) was
dissolved in 7.5 mL of Milli-Q water, after which 60 mg of NaOH was added in the form of pellets.
The mixture was vortexed for 15 min on a vortex shaker. 6 mL glycidyltrimethylammonium chloride
(GTMAC) was added to the mixture while stirring and the reaction was performed at a temperature
of 50 ⁰C. Experiments were carried out for 9, 18 and 24 h. After each experiment, the products were
precipitated in 400 mL cold absolute ethanol and centrifuged at 3750 rpm for 15 min. The
supernatant after centrifugation was removed and the pellet was air-dried at room temperature (21
± 1 oC).
Charge density determination
The charge density values of the anionic and cationised EPS (solution pH 7) were determined as
described in Chapter 2 of this thesis. While pDADMAC was used as the titrant against the anionic
EPS solution, polyethylenesulfonate (PES) was used as the titrant against the cationised EPS
solution. Each charge density analysis was carried out in duplicates.
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Table A2. Charge density values of anionic and cationised EPS.
EPS

Reaction time for cationised EPS (h)

Charge density (meg/g)

Anionic EPS

Not applicable

- 5.1

Cationised EPS

9

+ 0.4

18

+ 0.5

24

+ 0.5
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Fields such as water and wastewater treatment, dredging, mining, food processing, textile and
paper making, petroleum and chemical industries face the challenge of particle removal from
(waste) water. The removal of solids from these water streams is generally achieved via the
coagulation/flocculation process, which is a simple and effective way to destabilise, agglomerate
and remove particles from water and wastewater. Currently, this process is widely accomplished
with the use of inorganic coagulants and fossil-based organic flocculants. Flocculants are particularly
important because they are efficient at low dosages and able to form strong flocs. However, most
synthetic flocculants biodegrade poorly and some of the degradation products/monomer residues
are toxic, with acrylamide from polyacrylamide as a well-known example to have carcinogenic and
neurotoxic effects. Besides, unreacted toxic chemicals used to synthesise the monomer units, such
as formaldehyde, epichlorohydrin, and dimethylamine, have been found as sources of contaminants
in treated water. Hence, the use of synthetic flocculants can hardly be considered a sustainable
(waste) water treatment approach, especially in open systems such as in surface water treatment,
dredging and mining.
As an alternative, bioflocculants have gained increasing attention for water treatment since they
are generally safe, biodegradable, and can effectively flocculate particles with performances
sometimes comparable with synthetic flocculants. However, a class of promising bioflocculants yet
to be fully explored are microbial extracellular polymeric substances (EPS). EPS are products of
microbial biochemical secretions, comprising different macromolecules such as polysaccharides,
proteins, lipids and humic substances. The high molecular weight of EPS coupled with their net
negative charge make them anionic polyelectrolytes that can be applied in several fields such as for
particle flocculation and heavy metal adsorption. Although EPS are already being produced from
pure microbial strains (commercial exopolysaccharides such as alginate and xanthan gum), their
high cost, due to the need for sterile conditions and expensive substrates such as glucose, limit their
use to speciality applications such as food, feed, medicine and cosmetics.
To produce cost-effective EPS that can be applied as flocculants, we established a mixed-culture
approach that requires non-sterile cultures and feedstocks by using (industrial) wastewater as both
carbon and nutrient source. Here, one uses the potential of cooperative growth and symbiotic
relationships in mixed cultures of EPS-producing and non-EPS–producing bacterial strains as found
in wastewater sludge. Moreover, this approach allows the combination of biological organic
pollutant removal from wastewater with the production of EPS as a useful product. By converting
most of the organics that would have been mineralised to EPS, wastewater treatment plants
(WWTPs) can benefit from a reduced quantity of produced sludge, which is expensive to dispose of,
and can also lower their CO2 footprint.
In Chapter 2, we demonstrated the possibility to combine fresh and saline (30 g/L NaCl) wastewater
treatment (using a submerged membrane bioreactor) with the production of EPS as flocculants.
Here, a mixture of glycerol and ethanol was used as substrate, simulating wastewater from the
biodiesel and liquor industries. These substrates also make up more than 50% of the saline
wastewater COD of the WWTP in Delfzijl (Netherlands), where the inoculum of the saline
bioreactors was obtained.
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EPS (both the soluble and bound fractions) produced from the freshwater and saline bioreactors
possessed similar functional groups (namely carboxyl, hydroxyl and amine groups) and were both
composed of polysaccharides and proteins, the latter in higher concentrations than the former. The
higher concentration of proteins compared to polysaccharides was related to both the COD/N ratio
of the feed (in this study, COD/N 16 – excess nitrogen) and the relatively long SRT of the reactor.
Furthermore, both the fresh and saline EPS, irrespective of whether soluble or bound, had a broad
MW distribution (≥2000 kDa – ˂10 kDa), with the fresh and the saline soluble-EPS showing a similar
trend; ditto for the bound-EPS produced from the fresh and saline bioreactors. These findings
indicate that under comparable reactor conditions, salinity does not influence the MW distribution
of wastewater-derived EPS. However, the charge density value of each EPS fraction (slightly)
differed, implying that the monomer composition and content of these fractions were not the same.
The four EPS fractions (Fig. 1) showed good flocculation of kaolin clay particles (used as model
particles) in both saline and non-saline environments (up to 97 and 89 % turbidity removal,
respectively), with the bound EPS fractions showing comparable efficiencies with a commercial
anionic polyacrylamide, albeit at a higher dosage.

Fig. 1. Soluble and bound EPS production from fresh and saline wastewater.

Although the study in Chapter 2 yielded promising results with respect to the possibility to combine
wastewater treatment with the production of effective flocculants, one major drawback was the
low EPS recovery (fraction of wastewater-COD converted to EPS-COD), which was about 6 - 8%.
Investigations in Chapter 3 were designed to increase the EPS recovery to at least 30%. To achieve
this, two strategies were employed. First, the SRT of the reactors was reduced from 15 days (used
in the first study) to 3 days to minimise COD loss via oxidation and possible hydrolysis of EPS at long
SRTs. The second strategy was to investigate the effect of excess and limited nitrogen on EPS
recovery. The results in this Chapter revealed that under a limited nitrogen condition, up to 54 and
36 % EPS recoveries (at an influent COD/N ratio of 100) were possible from fresh and saline
wastewater, respectively. Moreover, EPS produced under limited nitrogen had a higher molecular
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weight, a higher polysaccharide content and, consequently, a better flocculation performance than
the corresponding EPS produced from excess nitrogen. This chapter unambiguously showed that
nitrogen limitation is crucial for high EPS recovery (at least from glycerol/ethanol-rich wastewaters),
while excellent organic removal (> 94% wastewater-COD removal) remained possible.
Having established two key parameters as imperative for high EPS recovery, Chapter 4 sheds more
light on other suitable industrial wastewaters that can be valorised to EPS. Glycerol, glycerol/ethanol
mixture, glucose and glucose/ethanol mixture proved to be suitable substrates to produce EPS
under nitrogen-limited conditions, with recoveries between 25 - 45 % in the order glycerol >
glycerol/ethanol > glucose > glucose/ethanol. With acetate and acetate/ethanol as substrate (using
as inoculum, the aerobic sludge from the WWTP), EPS recovery was low (3 - 11 %) and possibly
hampered by PHA production in the bacterial cells, which was visualised by microscopy. However,
when acetate and acetate/ethanol substrates were fed on an EPS-rich sludge, the recovery was as
high as 69% for the acetate/ethanol mixture. This suggests that the use of an EPS-rich sludge may
be a good strategy to intensify EPS production, although further research is still needed to
substantiate this hypothesis.
Regardless of the fed carbon source, the produced EPS were complex in composition, comprising
different monosaccharides (neutral and acidic), proteins and other substances (neutral and acidic
low molecular weight compounds). A further characterisation of the EPS-polysaccharides revealed
their compositional heterogeneity – composed of sugars such as rhamnose, fucose, arabinose,
xylose, mannose, glucose and uronic acids, and the amount of each sugar type depended on the
type of substrate fed to the reactor.
In Chapter 5, we investigated the flocculation mechanism of wastewater-produced EPS, which are
generally heterodispersed, and the influence of size dispersity on the flocculation of clay mixtures.
The harvested EPS (produced from nitrogen-limited wastewater, as reported in Chapter 3) were
fractionated to three molecular weights (MWs) via membrane filtration, yielding, high (HMW: 1.99
MDa), medium (MMW: 0.78 MDa) and low (LMW: 0.13 MDa) MW EPS fractions. The produced EPS
and its fractions were mainly composed of polysaccharides and proteins and their ratios increased
with increasing MW.
Flocculation tests using kaolinite and montmorillonite clays as model particles revealed that the
harvested unfractionated EPS and the HMW-EPS fraction showed similar and excellent flocculation
of kaolinite (93% turbidity removal at a dosage of 0.1 mg/g kaolinite) and montmorillonite (98 - 99%
at 0.5 mg/g) in single clay systems. This showed that the presence of LMW-EPS in the harvested EPS
did not hinder its flocculation performance. However, the sole use of the LMW-EPS fraction poorly
flocculated any of the clay particles. In the dual clay system (a 1:1 mass ratio of kaolinite to
montmorillonite), the harvested mixed EPS proved to be more efficient than the HMW-EPS fraction.
By using optical reflectometry, we monitored the adsorption of each EPS fraction on a silica surface,
and this revealed site-blocking effects in mixed EPS: the LMW and MMW EPS first adsorbed to the
surface due to higher diffusivities and faster mass transfer to the interface, while the HMW-EPS
were slowly transported but were attached to the surface irreversibly and stronger than the
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LMW/MMW-EPS. We proposed from this chapter, a mixed EPS adsorption mechanism: extended
anionic polymer tails in solution, thereby enhancing particle flocculation.
In Chapter 6, the soluble EPS fraction was immobilised on a column to adsorb and recover heavy
metals (Cu2+, Pb2+ and Au3+). The immobilisation was done with the aid of silica gel (as the support
material) coated with polyethyleneimine, to which EPS were irreversibly attached as shown by
optical reflectometry. The fixed EPS excellently adsorbed Cu2+ and Pb2+, with 99.9% of influent metal
adsorbed before the breakthrough points. More interestingly, EPS showed very high adsorption
capacities for both metal ions: as high as 780 mg Cu 2+/g EPS and 1200 mg Pb2+/g EPS. Metal
desorption was achieved with 0.1 M HCl, with an average recovery of 86% for Cu2+ and 90% recovery
for Pb2+ in a 10-time concentrated metal ion solution. Furthermore, we successfully showed the
possibility to regenerate and reuse the immobilised EPS for five adsorption-desorption cycles (using
Cu2+ as an example) with no reduction in the adsorbed amount at the breakthrough point (qbp).
Based on the mass balance of the associated metal ions participating in the adsorption process, ion
exchange was identified as the major mechanism responsible for Cu2+ and Pb2+ adsorption by EPS.
The results demonstrated the potential of wastewater-produced EPS as an attractive and possibly,
cost-effective biosorbent for heavy metal removal (to trace effluent concentrations) and recovery.
Finally, in Chapter 7, the results of this research are discussed in a broader context of the
production, characteristics and application of wastewater-produced EPS. The advantages,
limitations and potential markets of this promising bioflocculant were highlighted, and the
possibility to cationise EPS for applications unfeasible with anionic polyelectrolytes was discussed.
Lastly, future research directions and recommendations are proposed.
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