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ARTICLE INFO ABSTRACT

Keywords: Nowadays, wastewater treatment plants (WWTPs) are transforming into water resource recovery facilities
SEPS (WRRFs) where the resource recovery from waste streams is pivotal. Aerobic granular sludge (AGS) is a novel
Aerobic granular sludge technology applied for wastewater treatment. Extracellular polymeric substances (EPS) secreted by microor-
Hydrogel rheological properties ganisms promote the aggregation of bacterial cells into AGS and the structural fraction of EPS (SEPS) is
Resource recovery . . .
Water holding capacity responsible for the mechanical properties of AGS. sEPS can be extracted and recovered from waste AGS by
WRRFs physico-chemical methods and its characterization is to date of relevant concern to understand the properties in
the perspective of potential applications. This study reports on: characterization of sEPS extracted and recovered
from AGS; - formation and characterization of sEPS-based hydrogels. Briefly, SEPS were extracted by a thermo-
alkaline process followed by an acidic precipitation. sEPS-based hydrogels were formed by a cross-linking pro-
cess with a 2.5% w/w CaCl; solution. The following key-findings can be drawn: i) hydrogels can be formed
starting from 1% w/w sEPS on, by diffusion of Ca®* into sEPS network; ii) the Ca/C molar ratio of hydrogels
decreased with increasing concentration of sEPS from 1 to 10% w/w; iii) the thermogravimetric and spectro-
scopic behaviours of sEPS show that the cross-linking reaction mainly involves the polysaccharidic fraction of
biopolymers; iv) water-holding capacity up to 99 gH20/gskps Was registered for 1% w/w sEPS-based hydrogels,
suggesting applications in several industrial sectors (i.e. chemical, paper, textile, agronomic, etc.); v) rheological
results highlighted a solid-like behaviour (G’>>G") of sEPS-based hydrogels. The power-law fitting of G’ vs. SEPS
concentration suggests that the expansion of the sEPS network during cross-linking occurs through a percolative
mechanism involving the initial formation of sEPS oligomers clusters followed by their interconnection towards
the formation of 3D network. These findings provide additional information about the mechanisms of sEPS-based
hydrogel formation and reveal the peculiar physico-chemical characteristics of sEPS which nowadays are
increasingly gaining interest in the context of resource recovery.

1. Introduction

Over the last two decades, aerobic granular sludge (AGS) occupies a
relevant position among the most promising technologies for waste-
water treatment (Campo et al., 2020b; Pronk et al., 2015). To date, more
than 80 full-scale AGS wastewater treatment plants (WWTPs) are pre-
sent all over the world (DHV-Nereda®Plants, 2021). Granules are
pseudo-spherical biofilms made of self-aggregated microorganisms,
having high density, high settling velocity (up to 100 m/h) and a
multi-layered structure with different redox potential conditions due to
e-donors and e-acceptors radial concentration gradients (Pronk et al.,
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2020). This makes AGS technology suitable for simultaneous removal of
carbon, nitrogen and phosphorus due to the presence of aerobic, anoxic
and anaerobic micro-environments and the growing of a diversified
bacterial consortium mainly composed by phosphorus accumulating
organisms (PAOs and denitrifying PAOs), glycogen accumulating or-
ganisms (GAOs and denitrifying GAOs), ammonia oxidizing bacteria
(AOBs), nitrite oxidizing bacteria (NOBs), ordinary heterothrophic or-
ganisms (OHOs).

As in all kinds of biofilms, bacterial cells in aerobic granules are
embedded in extracellular polymeric substances (EPS).

EPS are a complex mixture of biopolymers that provide mechanical
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and structural stability thut allowing biofilm cells to establish micro-
consortia, enhance water holding and nutrient sorption, provide pro-
tection against viruses, antimicrobials and disinfectants, and act a key-
role in nutrient recycling (Flemming and Wingender, 2010). These
properties can be provided by a several biopolymers such as poly-
saccharides, proteins and nucleic acids. EPS are produced by different
specific microorganisms and may have different characteristics as a
function of time or environmental conditions (Seviour et al., 2019).

In AGS biofilms, a fraction of EPS is considered responsible for the
mechanical properties of aerobic granular sludge and can be extracted
from pristine granules by physico-chemical methods: the so called
structural EPS (sEPS) (Lin et al., 2010; Seviour et al., 2012). sEPS form a
highly hydrated matrix presenting gelling properties that confers stiff-
ness to the morphology of AGS and provide mechanical strength for
granules, thus ensuring biomass retention and the stable operation of the
AGS reactor (Li et al., 2020). sEPS are constituted by several compounds
(i.e. polysaccharides, proteins, exoenzymes, lipids, nucleic acids, humic
acids, fulvic acids etc.) (Felz, 2019; Flemming and Wingender, 2010; Lin
et al.,, 2010; Pronk et al.,, 2020) but, at the time of writing, their
composition is not fully known. Recent studies revealed that AGS bac-
teria  produce exopolymers as  glycoproteins, sulphated
glycosaminoglycan-like, hyaluronic acid-like, and sialic acids contain-
ing compounds (de Graaff et al., 2019; Felz et al., 2020b; Lin et al.,
2018).

Recently, the possibility to extract the sEPS from AGS, has opened
new scenarios on biopolymers recovery from AGS (Amorim de Carvalho
et al., 2021; Felz et al., 2016; Kehrein et al., 2020; Seviour et al., 2019)
as well as the reduction of waste sludge disposal. Several methods have
been tested for sEPS extraction from AGS and thermo-alkaline condi-
tions with NapCOg resulted in the highest yield factor compared to other
techniques (Felz et al., 2016). Regarding the potential applications of
sEPS, recent studies revealed promising effects as flame retardants, both
as pure coating (Kim et al., 2020) or as composite coating with Polyvinyl
alcohol (PVA) (Kim et al., 2022). This effect was mainly due to the
phosphates contained in sEPS that enhanced char formation and
inhibited the pyrolysis of textile fibers. SEPS could stimulate the root
growth of plants due to the water holding capacity of sEPS and the
possibility to promote a slow nutrients release in soils (ROYAL HAS-
KONINGDHYV, 2020). sEPS could also be applied as surface coating
material. Due to their amphiphilic property, sEPS can form a film on a
hydrophilic surface like paper/textile thus acting as a water-resistant
barrier (Lin et al., 2015). In wastewater bioremediation, sEPS were
recently applied as bio-flocculants due to their property to increase the
cell adhesion (Amin Vieira da Costa et al., 2022) and heavy metals ad-
sorbers (i.e. Pb%", Cd?*, Zn?*, etc.) due to the ability to bind divalent
cations onto their functional groups (Felz et al., 2020a; Liu et al., 2015).
In the building industry, sEPS could be applied to improve the curing of
cement. SEPS enhance the retention of cement surface humidity thus
reducing moisture loss and preventing drying shrinkage and structural
cracking (Karakas et al., 2020).

Hydrogel can be formed from sEPS through cross-linking process
with divalent metal ions such as Ca®" (Lin et al., 2008; Seviour et al.,
2010). It was found that the stiffness of hydrogel strictly depends on the
metal ion used as cross-linker (Felz et al., 2020a) and this can bring
important implications in hydrogel applications and granule stability.
To date there is a knowledge gap in literature regarding the mechanism
of hydrogel formation from sEPS. More knowledge in this regard could
shed light on the understanding if distinct gelling mechanisms, such as
for alginate described egg-box model (Braccini and Pérez, 2001; Cao
et al., 2020; Sikorski et al., 2007), are involved in the sEPS hydrogel
formation.

The aim of this study is contributing to the increase of knowledge of
the sEPS and sEPS-based hydrogels properties. The novelty of this
research relies on a deep focus on sEPS and sEPS-based hydrogels with
the purpose of improve the knowledge in this field in line with resource
recovery. Particular attention is paid to the mechanisms of hydrogels
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formation upon cross-linking by diffusion with calcium for a wide range
of concentration of aqueous sEPS solutions (from 1% w/w up to about
10% w/w). Hydrogels were characterized in terms of elemental
composition, thermogravimetric behaviour, water-holding capacity,
and rheological properties. The interest and novelty in studying the
hydrogel formation mechanism and the relation with sEPS concentra-
tion is twofold: understanding the relationship between the sEPS
hydrogel formation and AGS stability in WWTP; - understanding
hydrogels’ properties in view of potential applications in the field of
resource recovery.

2. Materials and methods

2.1. Structural extracellular polymeric substances extraction and
hydrogel formation

sEPS were extracted from waste AGS according to previous report by
Felzetal. (2016) (Felzetal., 2016). A 6% w/w (weight) of granules were
put in a 250 mL baffled flask, mixed with 0.5% (w/v) of Na,CO3 and
stirred for 35 min at 400 rpm and 80 °C in water bath. Then, the mixture
was transferred into 50 mL centrifugation tubes, and centrifuged at
4.000xg, 4 °C for 20 min. The supernatant, representing the total EPS,
was dialyzed for 24 h against Milli-Q ultrapure water in 3.5 kDa mo-
lecular weight cut off (MWCO) dialysis bag (SnakeSkin™ Dialysis
Tubing, 3.5K MWCO, 35 mm, Thermo Scientific™).

The dialysis water was changed after 12 h to enhance the driving-
force effect of the dialysis. One molar HCl was added to EPS, to a final
pH of 2.2 + 0.05 thus extracting sEPS, in the acidic form, from total EPS.
Then the extract was centrifuged at 4.000xg, 4 °C for 20 min to obtain a
gel-like pellet of acidic sEPS. In order to resuspend the acidic sEPS pellet,
a solution of 0.5 M NaOH was added while mixing the gel slowly with a
glass stick by hand until pH 8.5 is reached. At this point, a homogeneous
solution of sEPS was obtained.

Hydrogel formation was performed by diffusion of Ca?* from a 2.5%
w/w CaCly cross-linking solution into the sEPS matrix through a dialysis
membrane (SnakeSkin™ Dialysis Tubing, 3.5K MWCO, 35 mm, Thermo
Scientific™). Nine sEPS solutions at increasing biopolymer concentra-
tion (~1-10% w/w) were prepared and placed in a 4.2 mL cylinder
(Height/Diameter = 0.16). This cylinder was sealed at the bottom and
top by two square sheets of dialysis membrane with a side of about 5 cm.
Each cylinder was then put into 200 mL of 2.5% w/w CaCl solution for
24h at room temperature (Fig.S1). After 24h of cross-linking with CaCl,,
cylindrical hydrogels were recovered by opening the carrier (Fig. S1a)
and by removing the dialysis membrane sheets.

2.2. Physicochemical and FT-IR analysis

Total solids (TS) and volatile solids (VS) of sEPS and hydrogel were
determined according to the standard methods (APHA/AWWA/WEF,
2017). Elemental analysis was performed for sEPS and hydrogels ac-
cording to the standard methods (APHA/AWWA/WEF, 2017) with a
FLASH 1112 EA/Soil instrument (Thermo®).

The bicinchoninic acid (BCA) assay (Smith et al., 1985) was applied
in this study for proteins (PN) determination, since it was proved that it
shows less variability for different proteins than Lowry’s method (Lowry
et al., 1951). Analysis was performed using the commercial BCA assay
protein quantification (Interchim). The standard curves were deter-
mined with BSA (bovine serum albumin) and cytochrome C, measuring
the absorbance at 562 nm wavelength. Polysaccharides (PS) were
determined with the anthrone sulfuric acid method (Dreywood, 1946),
using d-glucose as standard.

Fourier transform InfraRed (FT-IR) spectra were collected in trans-
mittance mode, by dispersing the sample powder in a KBr pellet, using a
FTS-40, BioRad (USA), resolution of 4 cm ™! and 64 scans.
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Table 1
sEPS characterization.

Journal of Environmental Management 324 (2022) 116247

Parameter Unit This study Reference studies

VS/TS, ags 105°c) gVSacs/8TSacs 0.81 +£0.01 0.87° -

VS/TS, seps (105°) 8VSseps/8TSseps 0.91 £+ 0.01 - -

Yield, sEPS 8VSseps/gVSacs 0.23 + 0.01 0.282 + 0.010° 0.160 + 0.004**
Yield, EPS gTSrps/gTSacs 0.42 + 0.01 - -

PN, a5 BSA equivalent mgPNgsa/8VSseps 617.8 £ 0.7 381.0 + 5.0%** < detection limit of Bradford Standard Assay**
PS, as glucose equivalent mgPSg1u/gVSskps 1285+ 3.1 138.0 £ 2.5%** 122.5 **

PS, as alginate equivalent mgPSa1g/gVSseps 942.7 + 15.1 _ 486.2 &+ 22.3%*
PN/PSc1a gPNgsa/8PSGlu 4.81 + 0.05 2.76 + 0.08%** -

PN/PSpig 8PNisa/gPSalg 0.66 + 0.07 - -

TN mgN/gTSseps 73.4+0.1 74" -

TP mgP/gTSkps 23.2+0.2 28" -

2 (Felz et al., 2016), **(Lin et al., 2010), ***(Felz et al., 2019).

2.3. Thermogravimetric analysis (TGA)

Thermogravimetric (TG) and derivative thermogravimetric (DTG)
analysis of dried sEPS and hydrogel were performed by means of a
thermogravimetric analyser Q5000 TA Instruments heating the samples
from room temperature up to 800 °C at 10 °C/min under a nitrogen flow
rate of 100 mL/min. DTG signals were deconvolved using the peak
fitting function in PeakFit®. The symmetrical Gaussian model which led
to the highest R-square was chosen to fit the experimental data (Li et al.,
2019). TGA was also used to determine the TS by maintaining the
samples at 105 °C for 60 min and the VS by maintaining the samples at
560 °C for 60 min under nitrogen (N3 flow: 100 mL/min).

2.4. Differential scanning calorimetry (DSC)

DSC experiments were performed with a Q1000 TA instrument by
applying the same method carried out by Lotti et al, 2019a (Lotti et al.,
2019b). The samples, sealed in aluminium pans, were equilibrated at
25 °C, cooled to —90 °C (cooling rate >30 °C/min), conditioned at
—90 °C for 8 min to allow the complete freezing of the free water, and
then heated up to 30 °C (heating rate = 1 °C/min) under a 50 mL/min
flow of nitrogen. An empty sealed aluminium pan was used as reference.
For each system, three different samples were prepared and analysed.
The enthalpy of fusion of water was calculated through integration of
the endothermic peak in the temperature range between —2.8 and
6.0 °C. The Free Water Index (FWI), a parameter commonly used to
represent the amount of free and bound-freezable water contained in the
samples, was calculated using the following equation:

FWI = AHsample /AHfreewater - 100 (€8]

Where AHgample is the enthalpy change due to the fusion of the ice
contained in the EPS hydrogel sample (J/gwater), €xperimentally deter-
mined from the DSC curve; AHgeewater (333.6 J/g) is the theoretical
value of the specific fusion enthalpy of pure ice at 0 °C.

2.5. Rheology

Frequency sweep curves were collected by means of a TA In-
struments Discovery Hybrid Rheometer HR-3 that works in controlled
shear stress mode by using a plate-plate geometry (20 mm diameter,
400 pm gap), according to the same method carried out by previous
work (Lotti et al., 2019b). The trend of the storage (G’) and loss (G”)
moduli was studied in the linear viscoelastic range (LVR) of de-
formations (previously determined by means of amplitude sweep tests
carried out at a constant frequency of 1Hz in a strain amplitude range
between 0.01 and 20%) as a function of the oscillation frequency in the
range 102-10% Hz; (the temperature was maintained at 25.00 + 0.01 °C
by means of a Peltier system). All the frequency sweep tests were carried
out at a constant strain amplitude of 0.4%.

2.6. Statistical analysis

All measurements were performed in triplicates and the figures show
the mean values and standard deviations.

3. Results and discussion
3.1. sEPS characterization

Table 1 reports the sEPS characterization. All the analysis were
performed in triplicates. Regarding the TS determination for AGS and
sEPS, the applied Standard Methods (APHA/AWWA/WEF, 2017) refer
to keeping the sample at 105 °C for 24h in order to remove the water
content. However, it is worth noting that TGA analysis for sEPS revealed
that a weight loss up to 200-250 °C was mostly due to residual water
evaporation, as outlined in a specific paragraph below. The presence of a
portion of water that requires more thermal energy (i.e. from 105 °C to
200-250 °C) to be removed suggests that sEPS extracted from AGS
present high water-holding capacity, as inferred by other authors
(Nancharaiah and Sarvajith, 2019; Rosenzweig et al., 2012). As AGS are
microorganisms embedded in a sEPS matrix, the same considerations
drawn for sEPS are likely valid for AGS. Bearing in mind the above, the
determination of TS and VS with standard methods (APHA/AWWA/-
WEF, 2017) applied for conventional activated sludge leads to an
overestimation of TS in the range 9-10% by mass (since water is not
fully removed). The incorrect determination of TS results to an even
higher overestimation of VS content in the range 9-10% by mass: the
residual water content is fully removed in the muffle (550 °C for 2 h) and
its weight is erroneously attributed to VS as calculated by subtracting
the ash mass obtained in the muffle from the TS previously determined
in the oven at 105 °C. Therefore, a modified protocol for TS determi-
nation should be applied for AGS as well as for biofilms in general,
keeping the sample at 200-250 °C to ensure a complete water
evaporation.

The yield of sEPS extraction was 0.23 gVSseps/gVSags, similar to
literature results (Felz et al., 2016; Lin et al., 2010). It is worth nothing
that since both the proteins (PN) and polysaccharides (PS) are deter-
mined by colorimetric methods, the numeric result is highly sensitive to
the chosen standard. Therefore, the results of PN and PS should only be
reported in a relative form as equivalents of the standard, as recently
pointed out by Felz et al. (2019) (Felz et al., 2019).

The polysaccharides analysed using d-glucose as standard (PSgjy)
were 128.5 mgPSg,/gVSseps, aligned with literature values, whereas
PSalg were 942.7 mgPSao/gVSseps significantly higher than other liter-
ature results (i.e. 486.2 mgPSa1g/gVSseps by Lin et al., 2013 (Lin et al.,
2013)). PSalg was 7.3 times greater than PSgy,, thus suggesting an
alginate-like composition of sEPS from AGS as reported by Lin et al.
(2010) (Lin et al., 2010). It is possible to observe that the protein content
is quite higher if compared to other studies (617.8 vs. 381
mgPNgsa/gVSseps by Felz et al., 2019 (Felz et al., 2019)). Considering
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Table 2
Elemental molar ratios of sEPS and hydrogels.
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N H

[N-mol/C-mol]

[H-mol/C-mol]

P S Ca

[P-mol/C-mol] [S-mol/C-mol] [Ca-mol/C-mol]

Hydrogels sEPS polymer 0.154 1.688
1% w/w sEPS 0.142 8.861
2% w/w sEPS 0.141 2.979
3% w/w sEPS 0.142 3.527
5% w/w sEPS 0.148 2.649
6% w/w sEPS 0.151 2.414
7% w/w sEPS 0.147 2.072
8% w/w sEPS 0.149 2.220
10% w/w sEPS 0.149 2.092

0.019 0.013 0.002
0.007 0.015 0.702
0.006 0.014 0.411
0.006 0.013 0.289
0.006 0.015 0.206
0.006 0.014 0.139
0.006 0.014 0.149
0.006 0.016 0.138
0.007 0.016 0.138

that the TN concentrations was similar to literature results and given the
difference between the PN concentration measured by colorimetric
method and based on TN results (617.8 vs 504.1 mgPN/gVSggps), it can
be commonly used conversion factor of 6.25 gPN/gTN (Carvalho et al.,
2013; Lotti et al., 2019a), the PN concentration calculated from the TN
results would be equal to 504.1 mgPN/gVSgps still higher, but closer, to
reference literature values. Taking asserted that the sEPS in the present
study contained some substances (e.g. humic acids, uronic acids,
phenolic compounds, glucose, galacturonic acid, glucosamine) that
could have positively interfered with the BCA assay, as reported in
literature (Felz, 2019). Regarding the PN/PS ratio, it was registered 4.81
gPNpsa/gPSgiu, higher but in the same order of magnitude of literature
value (2.76 gPNgsa/gPSaiy) (Felz et al., 2019). PN/PS was below 1 if it is
calculated using PS as alginate equivalent, thus highlighting the
dependence of this ratio on the standard and on the applied analytical
method. In literature there are conflicting opinions about the relation
between PN/PS of sEPS and structural stability of AGS. Most of the
studies agree that PN are responsible for initial microbial aggregation
and for maintenance of core structure and long-term stability of AGS
(Adav and Lee, 2008; Ersan and Erguder, 2013; Franca et al., 2018; Xu
et al., 2019; Zhu et al., 2012). On the other hand, some researchers
found that the PS are more effective in contributing to structural sta-
bility of AGS (Tay et al., 2001). These contradictory results are attrib-
utable to the use of non-standardized analytical procedures for EPS
extraction and analysis of components, thus limiting the possibility to
compare the results of various studies (Franca et al., 2018). Further-
more, the colorimetric methods used to analyse the PS and PN contents
are limited by both the variability of sample composition and by the
wide variety of interfering substances that can affect the analyte esti-
mation (Franca et al., 2018; Le and Stuckey, 2016).

3.2. Hydrogel formation and elemental analysis of SEPS and sEPS-based
hydrogels

Compared to other hydrogel formation techniques based on the
extrusion of hydrogel beads into a CaCly cross-linker solution (Felz et al.,
2016; Lin et al., 2013), in the present study the hydrogels were formed
under controlled cross-linking kinetic conditions through a diffusion
mechanism of Ca?" ions passing through a 3.5 kDa MWCO dialysis bag
into the sEPS aqueous solution (Campo et al., 2020a). Preliminary
experiment showed that, especially for higher sEPS concentration, the
hydrogel beads formed through an extrusion process were not homo-
geneous from the outer layer to the inner one due to the high rate of
cross-linking process causing an instantaneous formation of a stiff outer
hydrogel layer involving most of the EPS in solution. Therefore, the
external layer appeared as little “gel bag” while the core was aqueous
with EPS concentration much lower that the starting values (data not
shown). In the present study the sEPS-based hydrogels formed by
diffusion were characterized by a more homogeneous structure due to
the lower kinetic of the diffusion compared to the extrusion method.
Examining the results, hydrogel formation under controlled
Ca?*cross-linking kinetic conditions was feasible starting from sEPS

concentrations as low as 1% w/w up to 10% w/w as gTSsps/gWet--
Weightsgps (Fig. S1). This result highlight that, for the 1% w/w sEPS
hydrogel, it is possible to store 99 gH20/grps. This water-holding ca-
pacity is typical of super absorbent polymers (SAPs) that are compounds
able to absorb water and swell into hydrated matters equivalent to many
times their original weight. SAPs crosslinked in a three-dimensional
polymer network, are hydrogels that can be used in various industrial
sectors such as chemical, paper, textile and agronomic to increase the
water retention of soils (Kim et al., 2020; Lin et al., 2015; Milani et al.,
2017; Po, 1994).

Elemental analysis of sEPS and sEPS-based hydrogels (Table 2)
showed that the nitrogen/carbon molar ratio was maintained almost
constant (0.154 N-mol/C-mol for sEPS vs. 0.146 4 0.004 N-mol/C-mol
as average value for hydrogels with 1-10% w/w sEPS), close to litera-
ture data (0.139 N-mol/C-mol by Felz, 2019 (Felz et al., 2019)). A
noticeable increase of Ca/C molar ratio from SEPS to sEPS-based
hydrogels (from 0.002 up to 0.702 Ca-mol/C-mol) suggested that dur-
ing the hydrogel formation through the cross-linking process the inclu-
sion of Ca%" ions inside the tridimensional network of sEPS matrix
occurred. Interestingly, the Ca-mol/C-mol ratio decreased from 0.702
mol Ca/C-mol down to 0.139 Ca-mol/C-mol for hydrogels formed with
increasing concentration of sEPS from 1 to 6% w/w. Then, for hydrogels
formed in the higher range of concentration 6-10% w/w of sEPS, the
Ca/C molar ratio was almost constant close to 0.141 £ 0.005
Ca-mol/C-mol.

Focusing on this aspect, Fig. 1 shows Ca-mol/C-mol ratio as a func-
tion of SEPS concentration in SEPS-based hydrogels. It is evident that the
Ca-mol/C-mol ratio decreases as sEPS concentration in hydrogels in-
creases. Furthermore, there is a SEPS concentration in hydrogels (i.e. 6%
w/w) above which the Ca-mol/C-mol ratio is almost constant. If we
suppose that, after washing the hydrogel with water, all the Ca%*
revealed through elemental analysis (Table 2) is bound to the sEPS
chains as crosslinker, the decrease of the Ca-mol/C-mol ratio in sEPS-

0.8

0.7 A

0.6 A

0.5 A

0.4 A

[Ca-mol/C-mol]

0.2 A

Ca?* content in SEPS-based hydrogels

0 T T T T T T T T T
0 1 2 3 4 5 6 74 8 9 10

sEPS concentration in SEPS-based hydrogels [%wt]

Fig. 1. Ca®" content vs. SEPS concentration in sEPS-based hydrogels.



R. Campo et al.

based hydrogels observed upon increasing the sEPS concentration in the
same systems can be attributed to an excluded volume effect due to sEPS
polymeric chains (Fixman, 1955). In detail, as the sEPS content rises, the
space available for the crosslinking induced by the Ca®* ions decreases,
causing a reduction of the bound Ca?* and, as a consequence, of the
Ca-mol/C-mol ratio (Table 2 and Fig. 1). Another possible explaination
of the observed phenomenon could likely be that the higher the sEPS
concentration in hydrogels the higher is the probability to originate
Ca-independent gelled clusters thus hindering the Ca%* diffusion into
the sEPS matrix and lowering the binding chances of Ca%* with sEPS

(Cao et al., 2020).
A complete characterization of the metals content in the sEPS is re-

ported in e-supplementary data (Table S1).

3.3. FT-IR analysis of sEPS and sEPS-based hydrogels

FT-IR analysis revealed the functional groups involved in the
complexation of Ca?*. FT-IR spectra were collected on both pure sEPS
and on a residue obtained by drying a hydrogel containing the 10% w/w
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of sEPS (Fig. 2a and S2). The FT-IR spectra analysis of sEPS and sEPS-
based hydrogel revealed the principal functional groups belonging to
proteins and polysaccharides (Fig. 2b). Observing the sEPS spectrum
(Fig. 2, red line), similitudes were noticed with spectra of AGS fed with
real wastewater (Lin et al., 2010, 2013; Schambeck et al., 2020).

After the formation of hydrogel through the cross-links between the
sEPS molecules induced by the addition of Ca®* ions, the FT-IR spectrum
showed some changes in terms of peak-shifts. The most meaningful ef-
fects are observed for the peaks at 1540 cm ™}, that are attributable to
Amide II (stretching of C-N and bending of N-H of proteins) and/or to
alginate lyases (Lin et al., 2010), and for the peaks at 1240 cm™! and

1047 em™! due respectively to C-OH stretching and to C-H in plane
bending of polysaccharides. Therefore, this data suggest that the for-
mation of Ca?-induced cross-linkings involved different functional
groups, mainly polysaccharides, maybe through the formation of su-
pramolecular structures like to the well-known egg-boxes ones, typical
of alginates and alginate-like polymers (Cao et al., 2020). These obser-
vations indicate that the polysaccharides play a fundamental role in the
Ca?* complexation mechanism, whereas the proteins are marginally
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~ 0.8+ / Voo 2\
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Fig. 2. a) FT-IR spectra of sEPS and hydrogels containing 10% w/w of sEPS; b) assignments of the main functional groups
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involved during cross-linking process for hydrogel formation as no
peak-shifts were observed for Amide I (1660 em™!) and Amide I (1400
cm™Y) functional groups (Fig. 2a).

Moreover, it should be also stressed that, as a more complex aggre-
gative structure of sEPS has been recently reported in literature (Felz
et al., 2020b; Lin et al., 2018). It involves the presence of glycosylated
amyloid and sulphated glycosaminoglycans (GAGs) both linked with
proteins; then, during the cross-linking process it is reasonable to sup-
pose that also proteins linked to polysaccharidic chains (i.e. glycosylated
amyloid or glycosaminoglycans) can be indirectly involved. This likely
accouznts for the shift of the peak of amide II observed after the addition
of Ca*™.

3.4. Thermogravimetric analysis of SEPS and sEPS-based hydrogels

TG and DTG analysis have been performed for dried sEPS and
hydrogel samples (Campo et al., 2020a). The analysis of both the TG and
DTG curves of dried sEPS revealed three main stages of thermal
decomposition of samples (Fig. S3) (Li et al., 2019): i) evaporation of
residual moisture, between 200 and 250 °C, that was not possible to
remove after oven-drying at 105 °C for 48 h (weight loss close to 5.6%
w/w); ii) organic matter volatilization in the range 200-535 °C); iii)
decomposition of minerals present in SEPS in the range 535-800 °C.
After the deconvolution of the peaks in the DTG curve of sEPS in the
range of temperature between 200 and 500 °C (Fig. 3a), three main
contributions are detectable (Bach and Chen, 2017): i) low thermal
resistant proteins (PN I) were likely associated to the first peak close to
270 °C; ii) high thermal resistant polysaccharides (PS), such as
alginate-like polysaccharides (Li et al., 2019), were likely associated to
the second peak close to 290 °C; iii) high thermal resistant proteins (PN
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Fig. 3. Derivative thermogravimetric (DTG) curves (bold lines) and deconvo-
lution of DTG signals of sEPS (a) and sEPS-based hydrogels (b).
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1) were likely associated to the third peak close to 300 °C. By studying
the deconvolution of the DTG curves of hydrogel in the same range of
temperature (i.e. 200-500 °C) (Fig. 3b), it is possible, also in this case, to
observe at least three distinct contributions. The first one, close to
270 °C, is associable to the low thermal resistant proteins (PN I). This
peak is similar in intensity and aligned to the first peak in the DTG curve
of sEPS sample (Fig. 3a), thus suggesting that PN I are not involved in the
cross-linking reaction. The second peak, close to 300 °C, might be
attributed to the high thermal resistant proteins (PN II). Also in this case,
this peak is similar in intensity and aligned to the third peak in the DTG
curve of sEPS sample (Fig. 3a), thus indicating that PN II are not
involved in the cross-linking reaction. In summary, by comparing the
DTG curves of dried EPS and of the hydrogel (Fig. 3a vs 3b), it is
reasonable to assert that both PN I and PN II do not undergo substantial
structural modifications during the cross-linking reaction as indicated
by the signal and the position of the relative peaks. The persistence of
the position of the DTG peak for both the low thermal (PN I) and the high
thermal resistant proteins (PN II, Fig. 3), is consistent with the idea that
those proteins do not participate to the formation of Ca?t cross-links
between the sEPS chains. This datum is also supported by the third
peak of the DTG curve of hydrogel close to 350 °C, labeled as PS
(Fig. 3b), attributable to the high thermal resistant polysaccharides such
as alginates (Li et al., 2019). After the addition of Ca2+, this peak was
shifted toward higher temperature values. The shift magnitude is almost
60 °C in comparison to the DTG curve of sEPS (Fig. 3a). This was likely
due to the high energy needed to thermally decompose the poly-
saccharides that are strongly cross-linked by Ca®" in the tridimensional
hydrogel network. These results corroborate the FT-IR analysis dis-
cussed previously. In fact, as from DTG analysis proteins seem do not
contribute meaningfully to cross-linking (Fig. 3), the observed
peak-shifts at 1540 cm ™! and 1400 cm ™! in the FT-IR spectra (Fig. 2) are
not due to proteins but they are likely attributable to polysaccharidic
functional groups (i.e. alginate-like polymers). Finally, additional con-
tributions between 400 and 500 °C in the DTG curves of both sEPS and
sEPS-based hydrogel are likely associable to the thermal decomposition
of the EPS lipid fraction (Bach and Chen, 2017).

3.5. DSC analysis of sEPS-based hydrogels

DSC analysis have been conducted to estimate the entity of the in-
teractions between the water and the sEPS-based hydrogels tridimen-
sional network, similarly to what has been reported in literature for
hydrogels generated with EPS extracted from anammox bacteria (Lotti

100

98

96

94 -

92

90 —

Free Water Index - FWI (%)

88

T T T T T
0 2 4+ 6 8 10 12

sEPS concentration in hydrogels (wt%)

Fig. 4. Free Water Index vs. sEPS concentration in hydrogels.
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etal., 2019b). Fig. 4 shows the trend of the FWI as a function of the sEPS
content into the hydrogels. As seen in the graph, for sEPS concentrations
between 2% w/w and 6% w/w, the FWI remains almost unvaried
(97-98%). By further increasing the sEPS content, the amount of not
freezable water (that is the fraction of water that, being strongly bound
to the polymer network doesn’t freeze even at temperatures below 0 °C)
increases up to 11% w/w.

3.6. Rheology of sEPS-based hydrogels

The mechanical properties of a series of gels have been investigated
as a function of the sEPS concentration while maintaining the concen-
tration of CaCly cross-linking solution constantly equal to 2.5% w/w.
Fig. S3 shows the G’ (storage modulus) and the G” (loss modulus), at a
constant strain of 0.4%, as a function of the frequency for all the
investigated samples. It was observed that G>>G” for all the investigated
systems and, in the explored frequency range, no crossover between the
G’ and G” curves were registered. This indicates first that all the
investigated systems show a solid-like behavior and, thus, are charac-
terized by an infinite relaxation time; moreover, on this basis they can be
all rigorously classified as gels (Almdal et al., 1993).

Fig. 5 shows the G’ values at 1Hz vs the sEPS % w/w. There is a
discontinuity in the slope of the curve that drastically increases for sEPS
concentration higher than 4% w/w, indicating that above this threshold
value, the progressive extension of the 3D network occurs more rapidly
as the sEPS concentration increases too. The same test was carried out
for Calcium-Alginate hydrogels, and, in that case, it was not observed
any discontinuity in the G’ values that resulted in linear correlation with
alginate % w/w (data not shown).

In order to better understand the mechanism of sEPS-based hydrogel
formation, Fig. 6 shows a log/log plot of the values of G’ at 1Hz vs the
concentration of SEPS. The fit of the experimental data indicates that the
value of G’ scales following a power-law characterized by a fit of the
hydrogels % w/w of sEPS (Fig. 6a) and alginate (Fig. 6b) vs the G’
modulus, results in an exponent value (“n” value) close to 2.0 for both
the hydrogels. On the basis of the De Gennes theory describing the
behavior of polymers in solution (De Gennes, 1976; Paakko et al., 2007),
this value indicates that the expansion of the sEPS network occurs
through a percolation mechanism and in a similar way for sEPS and
alginate thus further confirming the similarity of behavior of sEPS with
alginate polymers (Lin et al., 2010). This finding represents a first
answer to the open question about sEPS-based hydrogel mechanism of
formation (Felz et al., 2020a). The “percolative model”, commonly
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adopted to describe the formation of chemically cross-linked networks,
indicates that first the formation of clusters composed by sEPS oligomers
occurs, followed by their interconnection that originates an“infinite”
tridimensional network through the whole volume of the sample.

On these bases, and considering the results of the FT-IR and TGA
investigations, it is reasonable to suppose that for sEPS hydrogels the
crosslinking are formed as “egg-boxes”, as typical of alginate/Ca cross-
linked networks (Braccini and Pérez, 2001; Cao et al., 2020) and the
extension of the network formed through these crosslinks occurs
through a “percolative model”, that is the same also for alginate
hydrogels.

3.7. Effects of SEPS hydrogel formation mechanisms on AGS structural
stability

AGS is known as a biofilm made of microorganisms embedded in an
EPS gelatinous matrix (Lin et al., 2010; Seviour et al., 2009a, 2009b). As
shown previously in Table 1, this matrix is mainly composed of proteins,
considered responsible for granules structural stability and adhesion of
microorganisms (Flemming and Wingender, 2010), and polysaccharides
that interacting and binding with proteins through hydrogen bond
contribute to the gel-structure of EPS (Li et al., 2020; Lin et al., 2018). It
should be stressed that the sEPS extraction protocol applied in this study
might alter the original sEPS structure or some components but the
relationship between the main sEPS components (i.e. proteins and
polysaccharides) might be maintained, as also reported by (Li et al.,
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2020). Therefore, all the considerations drawn in this work about the
extracted sEPS and hydrogel properties might be valid also in their
original location inside the pristine AGS.

Bearing in mind the above, the implications of the obtained results
can be, at least, twofold:

- Understanding the key-role of sEPS and sEPS-based hydrogel in AGS
formation and structural stability.

- Understanding the possible applications of the extracted sEPS and
sEPS-based hydrogels as recovered resources, according to their
physico-chemical and rheological properties.

3.7.1. The key-role of sEPS and sEPS-based hydrogel in AGS formation and
structural stability

In literature, recent rheological sweep tests revealed that, after sEPS
extraction from AGS, the residual AGS-pellet showed a crossover point
of G’ and G” passing from elastic behaviour (G’>G") to viscous behav-
iour (G’<G") at lower strain (3-4%) compared to the original AGS
(10-11% strain), as reported by Li et al. (2020) (Li et al., 2020). They
consider that this evidence could be likely due to a shifting of me-
chanical properties dominance from elastic (solid-like) to viscous (lig-
uid-like) after sEPS extraction, thus confirming that sEPS confer
structural stability to AGS and are crucial both during granules forma-
tion and in the long-term granules’ structural maintenance (Lin et al.,
2018). Frequency sweep tests in the LVR conducted at a constant strain
amplitude of 0.5% for AGS and sEPS, anticipated the solid-like behav-
iour of AGS and sEPS (G’>G”) suggesting the gel-like structure (Cag-
gioni et al., 2007; Lin et al., 2018).

Compared to recent studies that reported characterizations and
rheological test of SEPS extracted from AGS (Li et al., 2020; Lin et al.,
2018; Wang et al., 2021), the real novelty of the present study is rep-
resented by the characterization of sEPS-based hydrogels in order to
understand the properties of sEPS-based hydrogels naturally present in
AGS structure and how they can influence AGS stability.

As reported above, in the present study the frequency sweep test
revealed that G’>G” in the explored frequency range for all the sEPS-
based hydrogels. This confirmed that sEPS-based hydrogels that nor-
mally constitute aerobic granules, confer stiffness and mechanical
strength to AGS structure. Furthermore, the increasing slopes of G* and
G” curves in the frequency sweep tests(Fig. S4) indicate that the sEPS-
based hydrogels are physically entangled/crosslinked (Grillet et al.,
2012).

By combining the rheological results with the FT-IR data, it is
possible to assert that the major contribution to mechanical strength and
stability of AGS structure is attributable to sEPS and sEPS-based
hydrogels. A key role in AGS formation and maintenance of stability is
due to the polysaccharidic component of SEPS that strongly contribute to
cross-linking process thus forming sEPS-based hydrogels when put in
contact with Ca®" ions (Fig. 2). These hydrogels have peculiar thermo-
dynamic and mechanical properties that confer stiffness to AGS.
Furthermore, the recently discovered existence of GAGs-like poly-
saccharides covalently bound to proteins in sEPS might be another factor
increasing AGS structural stability (Felz et al., 2020b).

3.7.2. Remarks on the sEPS recovery and possible applications

Currently, the extraction of sEPS from waste AGS is considered as a
virtuous pathway in the logic of water resource recovery facilities
(WRRFs) (Duque et al., 2021; Kehrein et al., 2020; Kisser et al., 2020;
ROYAL HASKONINGDHYV, 2020). The first direct effect of SEPS recovery
from waste AGS is represented by a significant reduction of excess sludge
disposal whose costs represent one of the greatest incidence of OPEX
costs for a wastewater treatment company (Wei et al., 2003). The
structural and non-structural EPS yields extraction from AGS account for
23% and 19% w/w, respectively. The sEPS are totally recovered thus
ensuring a 23% less of waste sludge disposal. The non-structural EPS can
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be considered as a liquid stream containing organic matter, expressed as
COD, that might be recirculated at the head of the WWTP. The biode-
gradable fraction (bCOD) of non-structural EPS will be metabolized by
microorganisms in the biological reactor thus resulting in the production
of additional waste sludge the higher the observed yield factor of the
biomass. Also, the particulate inert fraction (piCOD) of non-structural
EPS will result in a further production of waste sludge. Bearing in
mind the above, the effective quantification of reduction of excess
sludge disposal will be somewhere in between 23% and 42%, consid-
ering that the two major factors related to minimization of waste sludge
production from the non-structural EPS are: i) low observed yield factor
of biomass; ii) low piCOD. The theoretical lower limit (23%) corre-
sponds to the extraction yield of recovered sEPS if all the 19% w/w of
non-structural EPS is composed by inert particulate substances (piCOD).
The theoretical upper limit (42%) will result if all the 19% w/w of
non-structural EPS is composed by inert soluble substances.

Other putative open questions related to EPS extraction are the in-
fluence on the dewaterability (van Der Roest et al., 2015) and on the
aerobic/anaerobic biodegradability of the residual sludge (Guo et al.,
2020a, 2020b). However, to date no direct experimental studies are
available in literature about these topics, therefore further research is
needed to unravel these aspects.

The water-holding capacity up to 99 gH0/geps for 1% w/w sEPS-
based hydrogel (paragraph 3.2) suggests that these kind of hydrogels
might be used as raw materials, or in combination with other materials,
in chemical, paper and textile sectors (as coating agent) as well as soil-
enhancer/conditioner in agronomic sector to increase the water-holding
capacity of soils affected by water scarcity and/or to reduce/control the
leakage of fertilizers in plantations (Amorim de Carvalho et al., 2021;
Lin et al., 2015; Milani et al., 2017; Pronk et al., 2017).

Given that to date many of the sEPS properties are still unknown, it is
not possible to perform an accurate analysis of the market value of this
recovered resource. Undoubtedly, given the growing number of scien-
tific publications about EPS recovery and the recent discovered physico-
chemical properties of EPS, the extraction of sEPS from AGS might be a
potential future product recovery route at full-scale (Kehrein et al.,
2020). To date the only two full-scale sEPS recovery plants are located in
The Netherlands thanks to public-private initiatives that enable the
sustainable recovery of sEPS supporting the CAPEX/OPEX costs of the
extraction chain (van Der Roest et al., 2015). The first extraction plant
was started in Zutphen in 2019 and produce up to 400 ton/year of sEPS,
whereas the second plant was started in EPE in 2020 and produce up to
100 ton/year of sEPS. The estimated extraction yield of both plants was
close to 22.5% (DHV-Nereda®Plants, 2021; van Leeuwen et al., 2018).
The reported results of this study as well as of many of the recent studies
about sEPS, suggest investing in the recovery of sEPS from AGS as a
resource and in the research for its sustainable and innovative
applications.

4. Conclusions

- sEPS were extracted from AGS with a 0.23 gVSsps/gVSags yield
factor.

- Hydrogel formation was feasible starting from a 1% w/w up to 10%
w/w as gTSggps/gWWgps, upon controlled cross-linking with ca’t,
thus holding up to 99 gH20/gskps.

- FT-IR and DTG data suggest that the crosslinks inside the sEPS

network involve mainly the polysaccharidic fraction, reasonably

through the formation of “egg-box” crosslinking structures.

sEPS-based hydrogels have solid-like behaviour (G’>G"). The for-
mation of the sEPS 3D network involves first, the formation of
clusters composed by sEPS oligomers and then their connection

through the whole volume of the sample with the formation of a

tridimensional network by means of a percolative mechanism. This

outcome is a novelty in sEPS characterization and the percolative
mechanism was observed for both sEPS-based and alginate hydrogels
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used as reference model further confirming that, also for sEPS-based
hydrogel, polysaccharides play a primary role in the network for-
mation and spatial expansion.
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