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ABSTRACT

Recovering extracellular polymeric substances (EPS) from waste granular sludge offers a cost-effective
and sustainable approach for transforming wastewater resources into industrially valuable products.
Yet, the application potential of these EPS in real-world scenarios, particularly in paper manufacturing,
remains underexplored. Here we show the feasibility of EPS-based biomaterials, derived from anaerobic
granular sludges, as novel coating agents in paper production. We systematically characterised the
rheological properties of various EPS-based suspensions. When applied as surface sizing agents, these
EPS-based biomaterials formed a distinct, ultra-thin layer on paper, as evidenced by scanning electron
microscopy. A comprehensive evaluation of water and oil penetration, along with barrier properties,
revealed that EPS-enhanced coatings markedly diminished water absorption while significantly
bolstering oil and grease resistance. Optimal performance was observed in EPS variants with elevated
protein and hydrophobic contents, correlating with their superior rheological characteristics. The
enhanced water-barrier and grease resistance of EPS-coated paper can be attributed to its non-porous,
fine surface structure and the functional groups in EPS, particularly the high protein content and hy-
drophobic humic-like substances. This research marks the first demonstration of utilizing EPS from
anaerobic granular sludge as paper-coating biomaterials, bridging a critical knowledge gap in the sus-
tainable use of biopolymers in industrial applications.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

themselves into potential renewable sources [2,3]. Thus, resource
recovery from excess sludge, rich in extracellular polymeric sub-

Biological treatment based on activated sludge has been the
most widely used approach in removing major pollutants from
wastewater. However, excess sludge disposal accounts for up to 50%
of total wastewater treatment costs and presents a significant
challenge in wastewater treatment [1]. To address this issue,
wastewater treatment plants (WWTPs) are shifting from merely
removing pollutants to recovering raw materials, turning
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stance (EPS), is becoming increasingly attractive and contributes to
implementing the “biorefinery” paradigm from wastewater treat-
ment plants [3—5]. EPS-based biomaterials are potential alterna-
tives to synthetic polymers in various applications, such as
agriculture, medical, and construction industries, as they have
polysaccharides (PS), proteins (PN), and humic-acid substances [6].
Recent years have increased our understanding and development
of EPS-based biomaterials for different applications, including
environmental pollution control, industrial/agricultural trials, and
achieving resource recovery while promoting a circular economy

[3].
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Nomenclature

AnGS Anaerobic granular sludge
AGS Aerobic granular sludge

AnGS-B  Anaerobic granules collected from a brewery
wastewater treatment plant
AnGS-P  Anaerobic granules taken from a paper-industry

wastewater treatment plant
ATR-FTIR Attenuated total reflectance-fourier transform
infrared spectra

d; The average diameter of the single-particle size class
fildy) The frequency of the particle size class

figldy) The probability density function

EPS Extracellular polymeric substance

EEM Excitation-emission matrix

Em Emission wavelengths

Ex Excitation wavelength

Fig(d;) The cumulative probability function
MW Molecular weight

PN Proteins

PS Polysaccharides

PN/PS The protein to polysaccharide ratio
PSD Particle size distribution

SRD Surface repellency degree

TSS Total suspended solids

VSS Volatile suspended solids

WWTP Wastewater treatment plant

WA Water absorbance

Specifically, EPS-based biomaterials have shown potential in
various uses, such as flame-retardant materials [7] and concrete
curing agents [3]. As for paper coating, the demand for paper and
paperboard production continuously grows worldwide, particu-
larly in the packaging industry [8], which accounts for the largest
share of global paper production (over 33%). Nevertheless, due to
the paper's nature and dependence on the application, it usually
requires surface coating to achieve barrier properties. With rising
environmental concerns, using renewable coating materials can
support sustainability strategies.

This study examines the potential of EPS-based biomaterials
from anaerobic granular sludges for paper coating. Previous studies
have demonstrated that EPS recovered from aerobic granules has
desirable film-forming properties attributed to amphiphilic prop-
erties due to the PS and lipid composition [9]. However, very few
studies have compared EPS barrier properties. It is unclear whether
EPS-based biomaterials from different sources of granular sludges
display similar properties. More research is needed to reveal the
underlying water barrier mechanism of EPS-coated paper due to the
complex and diverse composition of EPS. Designers and marketers
should consider the environmental impact of packaging at the early
stage of production, particularly given the rising demand in the
packaging industry, and minimise costs and environmental impacts.

Many studies have focused on producing and applying EPS-
based biomaterials from aerobic granular sludge (AGS) by recov-
ering bioplastics, phosphate, and alginate-like extracellular bio-
polymers [10]. To date, nearly 100 full-scale AGS systems have
been installed worldwide [11]. The corresponding EPS contents in
AGS are of the order of 38—372 mg EPS per g of volatile suspended
solids (VSS) and slightly lower (60—290 mg EPS per g VSS) in
anaerobic granular sludge (AnGS) [6]. Despite the wide presence
of AnGS-based installations biodegrading large amounts of in-
dustrial wastewater, limited attention has been given to the re-
covery and application of EPS from AnGS [12]. A better
understanding of the yield and properties of EPS derived from
AnGS is essential to maximise resource recovery and successfully
design and manage future biorefinery implementations. The
composition, yield, and properties of EPS vary depending on the
source of granular sludge, which is closely associated with
downstream applications of EPS-based biomaterials. Thus, a
comprehensive evaluation of these biomaterials' physicochemical
properties, yield, and quality is necessary. Such understanding can
improve the development of anaerobic systems and help devise
effective strategies for resource recovery and biofilm control in
WWTPs. This study aims to shed light on the potential of AnGS in
terms of resource recovery.

To investigate the impact of anaerobic granule origin on EPS
properties and application of EPS-based biomaterials, this study
focused on three key points: (1) Differences in EPS characteristics
between different kinds of anaerobic granules; (2) Their impact on
the EPS coating's behaviour and effectiveness; (3) Components in
EPS that are the key indicator for the desired paper coating prop-
erties. We selected two typical granules from full-scale industrial
WWTPs to achieve these goals. Analysing granules from full-scale
WWTPs instead of lab-scale sources proved more representative
and beneficial for evaluating sustainable EPS biomaterials. Under-
standing these differences in EPS characteristics and the EPS pro-
duction process's optimisation is crucial for recovering EPS as
biomaterials for the paper industry. The results of this study
contribute significantly to the biorefinery approach of EPS-based
biomaterials, particularly in terms of paper coating applications.

2. Materials and methods
2.1. Sampling and sludge characterisation

Anaerobic granules were collected from a brewery wastewater
treatment plant (AnGS-B) and a paper-industry wastewater treat-
ment plant (AnGS-P). Total suspended solids (TSS) and VSS were
measured using standard methods [13], and the granule size was
quantitatively compared using Image] software. Over ten sample
images were analysed for particle size distribution (PSD) analysis.
The parameters analysed were the number and particle area in each
image. Starting from dimensional data, a log-normal distribution
was used to plot the grain size curve [14]. The average granule
diameter (D,y) was calculated from the average diameters of all
classes and the detection frequencies (equation (1)). Afterwards,
the log-normal curve parameters of mean (u) and variance (¢°)
were calculated using equations (2) and (3). The probability density
function (equation (4)) and the cumulative distribution function
(equation (5)) were estimated as follows:
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where d; indicates the average diameter of the single-particle size
class, fi(d;) stands for the frequency of the particle size class, fig(d;) is
the probability density function, and Fi,(d;) denotes the cumulative
probability function.

2.2. EPS extraction and biopolymer fractional size distribution
analysis

According to previous studies, EPS were extracted from granules
using the NapyCOs3-heating method [15]. Briefly, Na,CO3 was added
to improve the extraction efficiency with a final concentration of
0.5% (weight, wt). Na,CO3 and granular sludge mixture was heated
at 80 °C for 30 min. Applying a centrifugal filter device with
membrane (CFDM) resulted in a much shorter time required for the
extraction process. The CFDM with different membrane sizes (3, 30,
and 100 kDa) was used to study the biopolymer size distribution
behaviour.

2.3. Chemical properties of EPS

The EPS yield is defined as the VSS fraction of EPS extracts per
unit of the VSS of pristine granules. The PS fraction was measured
using the phenol-sulphuric acid method with glucose as the stan-
dard [16]. The PN content was determined using the bicinchoninic
acid assay kit with Bovine Serum Albumin as the standard (B9643,
Sigma Aldrich, Merck, Germany) [17]. The EPS yield, PN, and PS
were always referred to VSS contents in initial dry granules.

2.4. Spectroscopic analysis

An excitation-emission matrix (EEM) fluorescence spectroscopy
analysis of EPS aquatic samples was performed using luminescence
spectrometry (Cary Eclipse, Agilent, USA). EEM spectra were scan-
ned with emission wavelengths (Em) from 300 to 550 nm at 0.5 nm
increments by varying the excitation wavelength (Ex) from 220 to
400 nm (10 nm increments). Excitation and emission slits were
maintained at 10 nm. The scan speed was set at 1200 nm min~! for
all measurements. To reduce potential interference, EPS samples at
3 kDa from Section 2.2 were used for the EEM analysis. Ultrapure
water was used as a blank. EEM spectra were illustrated as the
elliptical shape of contours using MatLab 6.5 (MathWorks Inc.,
USA). The functional groups of EPS solutions were detected by
Attenuated Total Reflectance-Fourier Transform InfraRed spectra
(ATR-FTIR, Varian 640, USA) with a 4000 and 500 cm~! scan range.

2.5. Rheological behaviour tests on EPS extracts

Rheological properties of EPS specimens were tested using a
rotational rheometer (MCR302 Anton Paar) equipped with a plate-
plate geometry (¢ = 25 mm) and a working gap of 0.4 mm. First,
strain sweep measurements were carried out to identify the linear
viscoelastic region (LVE) of each specimen, applying an oscillatory
strain (y) in the 0.01—-100% strain range at T = 25 °C and frequency
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(v) = 1 Hz. Before each measurement, a 1-min pre-conditioning
step (T = 25 °C, vy = 0.01%, v = 1 Hz) was carried out to ensure
the homogeneity of the EPS solutions. Then, frequency sweep tests
were performed in the 0.01—100 Hz frequency range at y = 0.2%
(i.e., the limit of the LVE region). Before each measurement, a 1 min
pre-conditioning step (T = 25 °C, y = 0.2%, v = 0.01 Hz) was carried
out to ensure the homogeneity of the EPS solutions.

2.6. Scanning electron microscopy (SEM) observation

EPS pellets were centrifuged using CFDM at 3 kDa and then
lyophilised by a vacuum freeze dryer (ScanVac Coolsafe, LaboGene,
Denmark) at —50 °C for 48 h. Then lyophilised EPS extracts and
paper were observed using SEM Zeiss EVO 50 EP with Spectrometer
EDS Bruker Quantax 2006/30.

2.7. Waterproofing and grease resistance tests

A commercial coating agent - carboxymethyl cellulose (CMC,
Sigma Aldrich), was used as a reference product in the paper in-
dustry. CMC is an anionic cellulose derivative obtained by intro-
ducing carboxymethyl groups along the cellulose chain [18,19].
CMC has been used in different industries, such as textile and food.
The coating solution applied on paper was first prepared by mixing
EPS with a final fraction of 8% (w/v) and CMC with a final fraction of
9% (w/v). The solution's pH was adjusted to 8.0. As shown in Fig. 1,
coatings were prepared using the Sheen 1137 automatic film
applicator and the Meyer 1120/25/76 bar at 100 mm s~ . A mixed
solution (3 mL) containing 8% EPS and 9% CMC for each coating was
homogeneously spread over a sheet of paper with a weight density
equal to 37.9 g cm~2. After spreading, each sheet was immediately
transferred to a ventilated oven and dried for 5 min at 80 °C. The
sheets were subsequently stored in a room conditioned at 23 °C.
The water absorbance capacity was measured using the Cobb
method (UNI EN ISO 535). The surface wettability was analysed by
the evolution over time and the droplet volume (ATICELCA MC
21-72). The resistance to grease, oil and waxes was evaluated by
measuring permeability (turpentine oil method, ISO 16532-1:2010)
and surface repellence (ISO 16532-2:2010).

3. Results and discussion
3.1. General characteristics of the anaerobic granules

Differences in morphology were observed in colour, particle
size, and VSS content (Fig. 2). As shown in Fig. 2a and b, the colour
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Fig. 1. Paper coating process using EPS-based biomaterials.
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of anaerobic granules was brown or black with a smooth surface.
Fig. 2c and d represent particle size distribution for the two granule
types. Patterns of size distribution curves for all samples were quite
similar, typically presenting one peak. However, there are
comparative differences, particularly in mean diameter values. The
dimension of AnGS-P granules was larger, with an average diameter
of about 3.5 mm. The AnGS-B samples were mostly 2.3 mm in
diameter, with a small number of very large granules (up to 8 mm).

From the calculated values and the comparison between the
different curves (Fig. 2e—Table 1), a similar pattern was observed in
other anaerobic brewery granules reported elsewhere [20]. The
AnGS-P granules had a very wide size distribution, suggesting a
more homogeneous distribution of granule diameter sizes than the
other samples. Also, the analysis of the composition of the granules
was performed based on an ash fraction calculation together with
TSS and VSS measurements. According to Fig. 2f, the VSS fractions
of AnGS-B and AnGS-P took the fractions within 93% and 83% of
TSS, respectively.

3.2. EPS yield and component characterisation

Fig. 3a presents the variations in EPS content, compositions, and
the PN/PS ratio of EPS extracts from AnGS. The AnGS-P had a higher
EPS yield, with 408 + 16 mg per g VSS, compared to 360 + 17 mg per
g VSS from the AnGS. The EPS contents displayed fractions of
36—41% in VSS of the original granules, in line with previous studies
[15,21]. Intensive studies have pointed out PN and PS as the main
contents of EPS. Similarly, in this study, the relative abundance of
PN and PS was above 62%. The characteristics of granules are
related to the PN/PS ratio, which indicates the granule's stability,
compactness, and hydrophobicity [22]. High PN contents in EPS can
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Fig. 2. a—b, Morphologies of anaerobic granular sludges and magnified view of
bisected granules: AnGS-B (a) and AnGS-P (b). c¢—d, Particle size distribution of
granular sludges based on diameters, including fractions, probability density function,
and cumulative distribution: AnGS-B (c) and AnGS-P (d). e, Comparison between the
lognormal distribution function of different granules. f, VSS and ash contents in
original granular sludges.
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enhance the stability of granules [23]. More precisely, between the
different samples, the PS amounts were in the range of 51—71 mg
per g VSS. The fractions of the PN contents accounted for 49—59% of
the EPS. For the AnGS-P sample, protein contents took the largest
fractions of over 59% in EPS, followed by PS with 17%; for the AnGS-
B sample, the percentages of protein and PS normalised to EPS were
17% and 14%, respectively. Therefore, it is clear that more contents
were detected in the AnGS-P samples.

The molecular size distribution of EPS contents is one of the
most important characteristics. Sizes of biopolymers in EPS prod-
ucts have shown a broad distribution [15,24]. The biopolymer
fractional size distribution of extractable EPS products from these
granules was studied using centrifugal filtering devices with
different cut-offs of 3, 30, and 100 kDa to further understand size-
fractionated molecules in EPS. According to this information, four
categories can be defined based on the molecular weight (MW):
small (<3 kDa), low (3—30 kDa), medium (30—100 kDa), large
(>100 kDa) [15]. For PS, all the EPS with MW over 30 kDa domi-
nated, ranging from 63 to 78%, indicating the presence of long-
chain PS, with the dimension of most of them being >100 kDa
(from 51% to 65%, Fig. 3b). Similarly, protein MW distribution in EPS
showed major long-chain molecules with MW over 3 kDa, within
the 62—72% range, which was in line with previous studies [15].
Therefore, the fraction of short-chain PN varied between 29% and
40%. Similarly, the PN fraction with medium MW is the least
abundant of the four classes. From biopolymer size distribution
analysis, we inferred no significant differences between the EPS
extracted regardless of the different types of granular sludges, and
the size of PN and PS may not be significantly affected by the
operating conditions or wastewater composition.

3.3. Spectral characteristics of EPS and protein secondary structure
analysis

ATR-FTIR spectroscopy was carried out to investigate the func-
tional groups of EPS obtained from granular sludge samples
(Fig. 4a). No differences in the positions and number of peaks were
detected for the EPS specimens, indicating a similar nature of the
chemical groups present in the EPS fractions. Several frequency
bands associated with PN and PS were detectable in the EPS spectra
[15]. In particular, the bands at 3500—3100 cm™! were attributed to
the O—H stretching vibration of hydroxyl compounds and N—H
stretching vibration (PN, peptides). Other predominant bands
were as follows: 2937 cm~! (C—H stretching vibration) reflecting
alkyl chains, 1650 cm~! (Amide I), 1560 cm~! (Amide 11), 1250 cm™!
(Amide III) referred to PN, and 1080 cm™! assigned to the C—O—C
stretching vibration absorption peak of hydroxyl in PS [25—27]. The
band at 1402 cm~! was attributed to the symmetric stretching vi-
bration of deprotonated carboxylic acid groups, unveiling the acidic
nature of EPS components [26]. The peak intensities of the two EPS
samples were significantly different, with higher indications of EPS
samples from AnGS-P [26].

Given the significance of the secondary structure of extracellular
PN in granule properties (e.g., hydrophobicity) and mechanical
properties [28], the amide I region (1700—1600 cm~!) was further
resolved into secondary protein structures spectra through the
second derivative analysis and curve fitting program. Secondary
structures, a-helix, B-sheet, B-turn, and random coil, were assigned
according to values reported elsewhere in the literature [29]. As
shown in Fig. 4b and c, the EPS extracted from AnGS-P had eight
bands, four B-sheet bands, one a-helix band, one B-turn band, and
two random bands, that extracted by AnGS-B had two [-sheet
bands, two «¢-helix bands, one p-turn band, and one random band.
The above findings indicate that the different granular sludge
sources’ EPS have distinct protein secondary structures. The
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Table 1
Average diameter and parameter values of lognormal distributions.
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Sample Average diameter (mm) Lognormal distribution mean value Lognormal distribution standard deviation
AnGS-B 23 0.552 0.637
AnGS-P 3.5 1.195 0.578
a b Table 2
a Variances of protein secondary structures in EPS extracts: second derivative and
. 4007 » curve-fitted amide I region (1700—1600 cm™1).

@00 Q
o g 3001 £ Secondary structures AnGS-B AnGS-P
c
] g B-sheet (1640—1630 cm™ ') 35.91% 46.38%
= 2001 @ B-turn (1680—1660 cm ™) 0.54% 0.40%
w e 8 a-helix (1660—1650 cm™1) 29.86% 3.28%

100 z random coil (1650—-1640 cm™') 33.69% 49.94%

(B-sheet + random coil)/a-helix 233 29.37

0 20 40 60 801000 20 40 60 80 100
Proteins Polysaccharides
fractions (%) fractions (%)

[J>100 kDa M [30 kDa, 100 kDa]
[ [3 kDa, 30 kDa] [@ <3 kDa

AnGS-B AnGS-P

M EPS yield M Proteins
M Polysaccharides

Fig. 3. a, EPS compositions. b, The distribution of proteins and polysaccharides in
different size ranges.

percentage distribution of each secondary structure in EPS is listed
in Table 2. For EPS samples from AnGS-P, the fractions of B-sheet
and random coil structure were over 96%, approaching 70% in
AnGS-B. As reported, the value of (B-sheet + random coil)/a-helix
was used to evaluate the compactness of the PN structure [30—32].
The higher the values, the looser the structure [33]. In summary, the
extracted EPS is protein-rich and has a typical feature of the -sheet
structure; however, EPS contents and structure affected the func-
tional groups of EPS derived from different granules.

Also, the chemical compositions of EPS were identified using the
three-dimensional EEM spectroscopy technique. EEM spectra are
used to identify the chemical properties of EPS, as fluorescence
characteristics are strictly related to their structure and functional
groups in molecules. Four main peaks were identified at the exci-
tation/emission (Ex/Em) wavelength pairs of 220-230/
340—350 nm (Peak A), 270—280/340—350 nm (Peak B), 330—350/
420—450 nm (Peak C), and 260—270/430—440 nm (Peak D),
respectively (Fig. 5). Two main peaks, A and B, were associated with
protein-like products or aromatic amino acid tryptophan [15,34].
Peak A and Peak B with a high fluorescence intensity were identi-
fied in all samples, demonstrating that the tryptophan or PN-like
components were the dominant substances in EPS contents. Also,
differences were observed in Peaks C and D, which were only

identified in the AnGS-P sample. Peak C is related to humic acid-like
organic matter [35]; Peak D is at 330—350/400—450 nm and is
attributed to hydrophobic humic acid-like compounds.

3.4. Rheological behaviour reflecting strong similarities with gel
materials

In Fig. 6a and b, the morphology of freeze-dried EPS products
with different structures was visualised by SEM. The structure of
AnGS-based EPS products was compact. Similarly, the EPS aqueous
solution displayed distinctive rheological performance. EPS solu-
tions with different fractions of 8—25% were studied in the
following rheological tests.

a b

300 0
Em (nm)

500

400
Em (nm)

Fig. 5. Three dimensional-EEM fluorescence spectra of EPS extracts derived from
different granular sludges: AnGS-B (a) and AnGS-P (b). The x-axis represents the
emission spectra from 250 to 550 nm. In contrast, the y-axis is the excitation wave-
length from 220 to 500 nm. 31 contour lines, as the third dimension, are shown for
each EEM spectrum to represent the fluorescence intensity at an interval of 10 a. u.
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Fig. 4. a, ATR-FTIR spectra of EPS obtained from granular sludges. b—c, Second-derivative spectra for the amide I protein region: AnGS-B (b) and AnGS-P (c).
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The rheological behaviour of biopolymers is closely associated
with their design and optimisation for their downstream applica-
tion. The evolution of storage (G’) and loss (G”) moduli is shown in
Fig. 6¢c and d for all EPS aqueous suspensions in strain sweep
measurements. Regardless of sludge types, G’ is almost constant at
low shear strain values, suggesting a linear viscoelastic regime, in
agreement with the results of activated sludges [36,37] and EPS
solutions [38]. Moreover, since G’ > G”, the samples display a gel-
like structure and can be defined as solid viscoelastic materials
[39]. Beyond the LVE region and before reaching the flow point (i.e.,
G’ = G”), the samples enter a yielding region characterised by a
reduction in their structural strength (reduction in G’) but still
display a gel-like behaviour. Once the flow point is reached, the
viscous component dominates (G” > G’), and the samples start to
flow. In this region, G’ and G” both follow a power-law model
typical of soft-glassy materials [37], also reported in many other
systems such as activated sludges [37] and hydrogels [40]. Lastly, it
is possible to notice that higher G’ values were obtained for more
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Fig. 6. a—b, SEM pictures for visualization of freeze-dried EPS extracts derived from
two types of granular sludges: AnGS-B (a) and AnGS-P (b). c—d, Representative trend
of storage (G’) and loss (G”) moduli resulting from strain sweep tests (y = 0.01—-100%)
performed on EPS solutions at different weight concentrations (8—25 wt%) at T = 25 °C
and y = 0.2%: AnGS-B (c) and AnGS-P (d). e—f, Representative trend of G’ and G”
moduli of EPS solutions resulting from frequency sweep tests (v = 0.01-100 Hz)
performed at T = 25 °C and frequency = 1 Hz: AnGS-B (e) and AnGS-P (f). g, Complex
viscosity (n*) as a function of the EPS concentration, in the 8—25 wt% range.
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concentrated EPS suspensions, suggesting that the gels' network
strength and colloidal forces increased as a function of the EPS
concentration [41].

Frequency sweep tests were performed at v = 0.2% (i.e., the LVE
limit) as a frequency function for all the EPS solutions investigated
(Fig. 6e and f). All EPS samples display G’ > G”, with both moduli
slightly increasing with the test frequency. In addition, the rela-
tively large values of tan d (=G*/G’ > 0.1, data not shown) suggest
the typical behaviour of weak gels [42]. As expected, the visco-
elastic parameters of the EPS solutions increase as a function of the
EPS fractions, reflecting a more compact and dense structure
associated with an increase in the solution's viscosity, as previously
observed [38]. From this data, it is possible to extract the complex
viscosity n* (Fig. 6g) of each specimen type at an oscillation fre-
quency v = 1 Hz. Observing the n* vs. EPS wt%, it is possible to note
that the n* is nearly constant and in the range of a few tens/hun-
dreds of Pa-s for AnGS-B samples. Conversely, for AnGS-P samples,
a sharp increase of m* occurs at EPS concentrations higher than
15 wt% EPS, indicating the formation of a dense, extended 3D
network above this concentration threshold [38]. This data,
coupled with the information obtained from strain and frequency
sweep tests, indicates different behaviour in the two specimens
regarding viscoelastic properties.

3.5. Barrier properties of coated paper

The barrier properties were comprehensively investigated
regarding the moisture and oil/grease resistance capacity of coated
and uncoated paper (Fig. 7). Moisture resistance is one of the
essential properties required for packaging materials with high
moisture content. In Fig. 7a, the water absorbance capacities of
CMC + EPS-coated paper were reduced by 49—65% compared to the
blank and CMC samples, underlying less sensitivity to moisture and
better water barrier performance compared with CMC-coated pa-
per. The increased water-proof property was attributed to the more
hydrophobic EPS layer. The EPS has been recognised as having
many charged groups (e.g., carboxyl and hydroxyl groups) and
polar groups (e.g., aromatics, aliphatics in PN, and hydrophobic
regions in carbohydrates) [43]. The amphoteric character of the EPS
depends on the presence of both hydrophilic and hydrophobic
moieties, whose relative ratio is modulated by the composition of
the EPS.

Interestingly, the water absorbance values of paper coated with
EPS extracted from AnGS-P became the lowest, at 15.9 g m~2, un-
derlying better waterproofing performance than other materials.
These differences may be associated with the presence of hydro-
phobic humic acid-like substances in the EPS and good rheological
properties of EPS additives. Also, the enhanced waterproofing was
positively related to the protein contents [44], whereas a weak
correlation between PS and water absorbance was observed
(Fig. 7c). These findings demonstrated that the water barrier
properties should be associated with EPS rich in PN, and the coated
PN for the AnGS-P sample were 4.7 g m~2, 1.6 folds of the AnGS-B
sample. According to the secondary structure of the protein (Sec-
tion 3.3), higher values of (B-sheet + random coil)/a-helix in EPS
extracted from the AnGS-P sample resulted in a looser structure of
extracellular PN, which would help to expose the inner hydro-
phobic groups [30]. Furthermore, the functional groups in PS are
mostly hydrophilic [30,45]. In this regard, a higher protein content
facilitates the waterproofing performance of the coated paper by
forming hydrophobic areas.

Meanwhile, the oil/grease resistance of EPS-based paper coat-
ings was evaluated by a standard test (ISO 16532-1:2010). The time
for turpentine oil to penetrate the CMC + EPS-based paper sheet
was above 60 s, 2—8 times that for CMC-coated paper (30 s),
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Fig. 7. a, Water absorption results based on the Cobb method. b, Oil and grease
resistance of EPS multilayer coatings on raw paper sheets with the surface grease
repellence based on the turpentine oil method (left panel); and permeability time
needed for turpentine oil to penetrate the CMC and CMC + EPS coated paper sheets
(right panel). Pristine paper sheets were used as the blank. ¢, The heatmap of water
absorbed and grease resistance in the paper sheets standardised with coated EPS
components. WA: water absorbance; SRD: surface repellency degree. d, A depiction of
the multilayer concept for EPS and CMC coatings; SEM observation of the multilayer of
composite films and coatings for active biodegradable packaging: Uncoated paper
(Upper) and paper fabricated with AnGS-P EPS.

implying that adding EPS improved the paper's oil resistance
(Fig. 7b). Similarly, the grease resistance effect exhibited by EPS was
confirmed by an increase in the degree of grease surface repellence
observed for the CMC + EPS-based paper (Fig. 7b). The values for
the degree of grease repellence in other samples were 3—9, which
were higher than the blank group (uncoated paper). However,
some differences can be noted among the different materials.
Similar to the water absorbance results, the degree of grease surface
repellence for papers coated with the EPS samples of AnGS-P was
better compared to other EPS additives.

SEM micrographs provide further insight into surface
morphology: the paper's surface became smoother, more compact,
and less porous after coating (Fig. 7d). These results implied that
adding EPS resulted in a unique multilayer structure with improved
water/grease resistance properties. That is to say, EPS coating was
associated with modification of the fine structure of the paper's
surface (i.e., becoming non-porous) and a higher fraction of hy-
drophobic contents in the EPS samples of AnGS-P. As suggested by
others, forming a dense structure formed by fibrils results in high
barrier properties [46]. Also, the conventional manner of
combining CMC with other cellulose nanofibers showed a tendency
to make a film on the paper's surface with a more uniform coverage
[18]. CMC, an anionic derivative of cellulose that is prepared by
introducing carboxymethyl groups along the cellulose chain, has
been used in the papermaking industry as a surface sizing agent
and coating binder due to the very good film making and water
retention characteristic [47]. Interestingly, blending EPS with CMC
resulted in an even higher improvement in barrier properties than
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CMC-coated paper. Hence, this result is due to a dense and uniform
coating structure on the paper surface that blocks pores. The hy-
drophilic characteristic of EPS is probably the main reason for this
observation.

Based on the aforementioned findings, Fig. 7d illustrates the
proposed hypothesis of using the mixture of EPS and CMC layers to
enhance water, oil, and grease barrier performance. Multilayer
structures are often used to boost functional performance over
monolayer materials. With EPS coated on the raw paper, the
structure of the paper was further manufactured to compromise
two layers, i.e., the base and barrier layers. The barrier layer, namely
the coating layer, is the outermost in the sandwich-like structure
and is in direct contact with the external environment. In the
barrier layer, EPS containing high extracellular PN rich in B-sheets
and random coil PN would facilitate a structural role for paper
coating. Under specific conditions, clusters of hydrophobic poly-
peptides would cover the surface, inducing phase separation of
hydrophilic clusters within the CMC-containing bulk.

3.6. Significance of this work and implications for resource recovery
of EPS derived from granular sludges

Wastewater contains substantial resources, ranging from 50% to
100% of lost waste resources [48]. Recovery of resources from
wastewater (known as “water mining” or “wastewater biofactory”)
through product extraction is an emerging concept and becomes
attractive for environmental protection, economy, and industrial
areas. Different sources of granular sludge have distinctive EPS
compositions closely associated with downstream applications of
EPS-based biomaterials. Thus, in this study, a comprehensive
evaluation of biomaterials' physicochemical properties, yield, and
quality is significant for their potential application. Our findings of
rheological behaviour reflecting strong similarities with gel mate-
rials can offer a vital theoretical basis for paper coating without
additional modification. Interestingly, the paper coated with EPS of
AnGS-P displayed a better waterproof or grease-resistance resis-
tance, associated with modification of the fine structure of the
paper's surface (i.e., becoming less-porous), and a higher fraction of
hydrophobic contents in the EPS samples. EPS products separated
from the AnGS-paper industry showed great potential for paper
coating. EPS-based multilayer structures can be engineered by us-
ing automatic preparation for paper coating, which means that the
EPS powder can be used as the input without any active reagents
(e.g., CaCly), significantly enhancing the scalability of EPS products.
Also, EPS derived from waste sludge holds great potential to be used
as an alternative to commercial paper coating materials, contrib-
uting to carbon emissions reduction in the long term.

4. Conclusion

This work investigated the EPS properties of two distinct
anaerobic granular sludges, advancing their potential application as
paper coating materials. Regardless of the different sludge sources,
EPS from both types were mainly composed of PN. EEM spectra
confirmed that tryptophan or protein-like components were the
dominant substances, together with humic-like components. The
rheological behaviour test showed the strong similarity of EPS-
based biomaterials to gel materials but different viscoelastic
properties without any apparent link to the bioprocess catalysed by
the pristine biomasses. The addition of EPS resulted in improved
water/grease-proofing behaviour. The best results were achieved
with the EPS samples from AnGS-P, characterised by a higher
fraction of PN and hydrophobic contents than the other EPS sam-
ples. Moreover, the extracellular PN rich in B-sheets and random
coil would facilitate a structural role for paper coating. Conclusively,



C. Feng, L. Bonetti, H. Lu et al.

this research establishes for the first time that EPS derived from
anaerobic granules exhibits interesting water barrier properties
when used as paper coating additives. More importantly, from the
paper industry's perspective, these EPS enhance resistance to
grease penetration and absorbance. These biomaterials recovered
from waste granular sludge provide a sustainable resource for in-
dustrial application and promise to realise a sustainable and cir-
cular economy.
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