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Natural Deep Eutectic Solvents (NADES) are composed of supramolecular interactions of two or more natural
compounds, such as organic acids, sugars, and amino acids, and they are being used as a new media alternative to
conventional solvents. In this study, a new application of NADES is presented as a possible technology for biofilm
structural breaker in complex systems since the current solvents used for biofilm cleaning and extraction of
biofilm components use hazardous solutions. The NADES (betaine:urea:water and lactic acid:glucose:water) were
analyzed before and after the biofilm treatment by attenuated total reflection Fourier-transform infrared spec-
troscopy and fluorescence excitation-emission matrix spectroscopy. Our results indicate that the green solvents
could solubilize up to ~70 percent of the main components of the biofilms extracellular matrix. The solubili-
zation of the biomolecules weakened the biofilm structure, which could enhance the biofilm solubilization and
removal. The NADES have the potential to be an environment-friendly, green solvent to extract valuable com-
pounds and break the main structure from the biofilm, leading to a greener method for extracellular polymeric

substance (EPS) extraction and biofilm treatment in various water treatment systems.

1. Introduction

Natural deep eutectic solvents (NADES) have been extensively
studied to develop and find green organic solvents that can be used in a
big variety of industries such as water treatment. NADES are mixtures of
natural compounds such as amino acids, sugars, sugar alcohols, poly-
alcohols, and organic acids and bases that interact through hydrogen
bonding (Choi et al., 2011; Dai et al., 2016, 2013a; Vanda et al., 2018).
The fact that the individual components of NADES are natural com-
pounds makes these green solvents biodegradable, harmless, and envi-
ronmentally friendly, compared to most of their predecessors, ionic
liquids and deep eutectic solvents (Paiva et al., 2014).

NADES are characterized by having melting points significantly
lower than their components and are abundant in nature (Paiva et al.,
2014). The viscosity of the NADES can be easily adjusted by increasing
the water content maintaining the solvent properties (Dai et al., 2013a,
2015). These green solvents have been used during the past decade in

diverse applications such as: i) media for enzymatic or chemical re-
actions to solubilize or isolate macromolecules (Ma et al., 2020), ii)
alternative for non-water-soluble drugs (Liu et al., 2018), iii) to develop
cosmetic ingredients (Paiva et al., 2014), iv) for extraction of bioactive
metabolites from plants (Dai et al., 2013b; Gonzalez et al., 2018), and v)
biomedical applications (Plotka-Wasylka et al., 2017; Vanda et al.,
2018). Nevertheless, there is still much to learn about the possible ap-
plications of the NADES.

Among the applications of NADES is the extraction of biopolymers.
Previously, NADES have been actively employed for the extraction of
biomolecules from several biomass sources, including lignocellulosic
biomass rice straw (Kumar et al., 2016), date palm biomass (Fang et al.,
2017), and corncob biomass (Zhang et al., 2012). Lietal. (Liet al., 2016)
utilized a betaine-based NADES for protein extraction from calf blood
samples; Lim et al. (Lim et al., 2017) studied the potential of the
detachment of Streptococcus mutans from wells, which occurs by partial
dissolution of exopolysaccharides that surround the biofilm. While

Abbreviations: Natural deep eutectic solvents, (NADES); Fourier-transform infrared spectroscopy, (ATR-FTIR); Fluorescence excitation-emission matrix spec-
troscopy, (FEEM); Extracellular polymeric substances, (EPS); Bovine serum albumin, (BSA); Betaine:Urea:Water, (B:U:W); Lactic Acid: Glucose: Water, (LA:Glc:W).
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Table 1
NADES components and composition.
Component 1 Component 2 Component 3 ~ Molar Abbreviation
ratio
Urea Ethylene glycol Water 10:10:1 U:EG
Lactic acid Glucose Water 5:1:3 LA:Gle:W
Lactic acid Choline Water 5:1:3 LA:ChCl
chloride
Urea Choline Water 1:1:1 U:ChCl
chloride
Ethylene Choline Water 1:2:0.1 EG:ChCl
glycol chloride
Betaine Urea Water 1:1:10 B:U:W
Betaine Urea Water 2:1:10 2B:U:W

previous studies have shown that NADES can be successfully used for
macromolecules extraction, there is limited information about the use of
NADES to extract proteins and polysaccharides from polyculture bio-
films and even less information about their potential for biofilm
removal. In specific industries such as food, medicine, paper, and water
treatment, biofilm growth generates economic losses and hinders pro-
duction (Hall-Stoodley et al., 2004; Lim et al., 2017).

A biofilm is formed by a group of microorganisms surrounded by
extracellular polymeric substances (EPS) to protect themselves from
hostile environments. The EPS is also involved in the biofilm attachment
to the surface and prevents detachment (Flemming, 2020; Lim et al.,
2017; Limoli et al., 2015). Therefore, biofilm treatment could be
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achieved successfully by focusing on the disruption of the EPS matrix.

Current curative (cleaning) and preventive strategies for biofilm
control applied in diverse industries have failed to remove the biofilm
from the surfaces entirely, and the use of chemicals creates environ-
mental concerns (Creber et al., 2010). In the particular case of desali-
nation by reverse osmosis, the amount of chemical used and cleaning
frequency depend on the feed water quality, membrane type, and the
number of elements in the desalination train. For example, a full-scale
operation plant in Utrecht, Netherlands having river water as feed-
water, with spiral polyamide membrane modules of 2.5” X 40", and a
cleaning frequency of 17 times per year with sodium hydroxide and
hydrochloric acid, use 0.8 m® of chemical cleaning per membrane area
(Beyer et al., 2017).

This study evaluates seven different NADES as potential cleaning
agents for biofilm removal by dissolving or breaking the biofilm struc-
ture. Aerobic granular sludge (AGS) is used as a model biofilm since the
granules’ weight and form can be observed and measured, allowing the
results to be precise and reproducible. Also, the use of NADES to treat
AGS can give some insights into the application of these green solvents
for EPS extraction and destabilization of the biofilm structure, over-
coming the use of harsh chemicals currently used for EPS extraction,
such as formaldehyde and NaOH (Farhat et al., 2019; Feng et al., 2019).
This study proposed a greener alternative to the current solvents used for
EPS extraction and purification, as well as biofouling treatment in
various water treatment systems.
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Fig. 1. ATR-FTIR spectra of the interaction of Bovine Serum Albumin (BSA) with Betaine:Urea:Water (1:1:10) (A), and Lactic Acid:Glucose:Water (5:1:3) (B). Each
ATR-FTIR shows the comparison of the pure NADES (red), 100 mg BSA fully dissolved in the solution of each NADES (black), and 100 mg of BSA in DI water (blue),

illustrating the presence of BSA on the NADES.
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Fig. 2. FEEM of the BSA presence with deionized (DI) water (control) (A), Betaine:Urea:Water (1:1:10) (B), and Lactic Acid:Glucose:Water (5:1:3) (C), illustrating the

solubility potential of BSA in each of the NADES.
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Fig. 3. ATR-FTIR spectra of the interaction of EPS with Betaine:Urea:Water (1:1:10) (A), and Lactic Acid:Glucose:Water (5:1:3) (B). Each ATR-FTIR shows the
comparison of the pure NADES (red), NADES with EPS extracted from a biofilm that was dissolved in NADES (black), and the ATR-FTIR of the solid EPS extracted
from a biofilm (blue). Both spectra indicate that the EPS is present in the NADES.
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Fig. 4. FEEM of biofilm extracted EPS with Betaine:Urea:Water (1:1:10) (A), and Lactic Acid:Glucose:Water (5:1:3) (B). Indicated with white lines, regions I and II
correspond to aromatic protein-like compounds, region III to fluvic acid-like compounds, region IV to microbial like compounds (e.g.,. tryptophan and protein-like),
and region V to humic-acid like compounds (Chen et al., 2003; Zhou et al., 2013). The high peak in region IV indicates the presence of EPS proteins in the NADES.
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Fig. 5. ATR-FTIR of the NADES after treating lab-grown granules. Betaine:Urea:Water (1:1:10) (A), and Lactic Acid:Glucose:Water (5:1:3) (B), indicating solubi-
lization of the lab-grown granules components.
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Fig. 6. FEEM of the NADES after the treatment of pilot-plant granules, after first, second and third treatment with Betaine:Urea:Water (1:1:10), A1, A2, A3, and with
Lactic Acid:Glucose:Water (5:1:3), B1, B2, and B3. Indicating the solubilization of proteins that are part of the lab-grown granules matrix.

2. Materials and methods
2.1. Natural deep eutectic solvents

All NADES used for this study were prepared at 50 °C in a water bath
until a transparent solution was obtained at the molar ratios specified in
Table 1. Urea, ethylene glycol, lactic acid, glucose, choline chloride, and
betaine were purchased from Sigma-Aldrich (St. Louis, Missouri, USA)
and used without further purification. All the NADES showed to be
stable at room temperature for more than four months, except for Urea:
Ethylene glycol, which precipitated after eight hours at room tempera-
ture (23 °C). After a screening of these seven NADES, B:U:W and LA:Glc:
W were selected for the follow-up studies described in this paper because
of their capacity to solubilize bovine serum albumin (BSA).

2.2. Protein solubility in NADES

The solubility of BSA, as a model protein, was tested using the seven
different NADES. Since the BSA solubility in water is 40 mg-ml ™}, three
milliliters of each NADES was added to 100 mg of BSA. All samples were
kept at 40 °C with constant shaking at 120 rpm for 24 h. The NADES that
fully dissolved the BSA (visual inspection) and in which no solid residual
was observed were analyzed by attenuated total reflection Fourier-
Transform Infrared spectroscopy (ATR-FTIR) (PerkinElmer Inc., Wal-
tham, Massachusetts, USA) and Fluorescence Excitation Emission Matrix
(FEEM) (Spectrofluorometer, Horiba) spectroscopy.

2.3. Extracellular polymeric substances of biofilm solubility in NADES

The solubility of EPS was tested in NADES. Two mL of each NADES
was added to 5 mg of EPS previously extracted from a membrane biofilm
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Fig. 7. ATR-FTIR of the dried lab-grown granules before and after being treated with NADES. Betaine:Urea:Water (1:1:10) (A), and Lactic Acid:Glucose:Water (5:1:3)
(B). The ATR-FTIR spectra show a strong presence of B:U:W in the granule after being treated.

grown in a membrane fouling simulator (Vrouwenvelder et al., 2007).
The EPS was extracted following the formaldehyde-NaOH protocol
(Feng et al., 2019). All samples were kept at 40 °C and continuously
shaken at 120 rpm for 24 h.

2.4. Lab granules

Aerobic granules were collected from a lab-scale bioreactor
(Figure S1A). The NADES potential to solubilize the granules compo-
nents (e.g., proteins) was analyzed. For each NADES (B:U:W and LA:Glc:
W), 2 g of granules (wet weight) were freeze-dried to remove all water
content that could dilute the NADES and submerged in 10 mL of each
NADES. Once each NADES was added to the granule, the samples were
kept at 40 °C at 120 rpm for 24 h. The 40 °C temperature was chosen
because it is the temperature commonly used for biofouling treatment
and to enhance the granule-NADES interaction. The granules were
filtered, and 10 mL of fresh NADES was added to the granules’
remainings. The NADES treatment was repeated three times. After each
treatment, the NADES was removed and analyzed by ATR-FTIR and
FEEM to analyze changes in the NADES composition. The remaining
granules were washed three times with deionized (DI) water to remove
the NADES residual from the biofilm. Finally, the granules were freeze-
dried and analyzed by ATR-FTIR, and their structure was observed
under the microscope (Stereomicroscope, Nikon SMZ 25).

2.5. Pilot-plant granules

Aerobic granules were collected from a pilot-plant located in Utrecht
(The Netherlands), from the mixed liquor around 1 meter below the
surface of the bioreactor (Figure S1B). The NADES potential to solubilize
the granules’ components (e.g., proteins) was analyzed. For each NADES
(B:U:W and LA:Glc:W), 2 g of granules (wet weight) were freeze-dried,
and 10 mL of each NADES was added. Once the granules were added
to the NADES, the samples were kept at 40 °C at 120 rpm for 24 h. After
the NADES treatment, the supernatant was removed, and the remaining
granules were treated again with fresh NADES. Since the granules were
taken from a pilot-plant, the EPS matrix contains a large variety of
compounds, e.g., humic and fluvic acids and various minerals, besides
the extracellular proteins and polysaccharides. Therefore, the treatment
of the pilot-plant granules with NADES was repeated eight times for each
sample. After the eighth treatment, the granules’ remainings were
washed three times with DI water to remove the NADES residual from
the biofilm. After each treatment, the NADES was removed and analyzed
by ATR-FTIR and FEEM.

3. Results
3.1. BSA solubility in NADES

In this study, we tested seven different NADES (Table 1). Based on
visual observations (Figure S2), B:U:W in a molar ratio of (1:1:10) and
LA:Glc:W in a molar ratio of (5:1:3) successfully solubilized 100 mg of
BSA. BSA in solid form was visible in the other NADES.

B:U:W and LA:Glc:W with BSA were analyzed by ATR-FTIR (Fig. 1) to
confirm the presence of the BSA in the NADES. ATR-FTIR spectrum of B:
U:W with BSA (Fig. 1A) showed an intensity increase in the bands in the
region between 3000 and 3500 cm ™, which is attributed to the O—H
stretching, meaning an increase in the hydrogen bonds between the BSA
and the B:U:W. In the case of LA:Glc:W and BSA (Fig. 1B), a band is
observed at the wavenumber 1547 cm ™, and an increase is perceived at
the wavenumber 1652 cm ™!, which can be attributed to the addition of
BSA. The variations in these bands observed in both NADES spectra
confirm the presence of BSA moiety in NADES.

A comparison between BSA dissolved in water and BSA dissolved
with each of the NADES was made by FEEM analysis (Fig. 2). The
intrinsic fluorescence of BSA is observed in the water-BSA sample
(Fig. 2A), which can be compared with the B:U:W-BSA (Fig. 2B) and LA:
Glc:W-BSA (Fig. 2C). For both NADES, a confirmation of the BSA pres-
ence is observed by obtaining similar spectra as the one with water-BSA
(BSA: Ex. 280 nm, Em. 300) (Wani et al., 2017) with a slight decrease in
the fluorescence intensity.

3.2. Extracellular polymeric substance solubility in NADES

To analyze the biofilm solubilization potential of the two NADES,
EPS was extracted from a membrane biofilm grown in membrane fouling
simulators (MFS) (Vrouwenvelder et al., 2007). These MFS were run for
seven days, and the biofilm was collected for EPS extraction, following
formaldehyde-NaOH protocol (Farhat et al., 2019; Feng et al., 2019).
The extracted EPS was placed in B:U:W and LA:Glc:W. After 24 h, a
visually homogeneous and transparent solution was obtained in both
cases. The solution containing B:U:W and the biofilm EPS (Fig. 3A)
showed an increase in the bands’ intensity in the region between 3000
and 3500 cm’l, also observed in the case of the BSA (Fig. 1A). This
increase is attributed to O—H stretching, indicating an increase in the
number of hydrogen bonds between the EPS and the B:U:W. For the
interaction of biofilm EPS and LA:Glc:W (Fig. 3B), the same increase in
the band 1652 cm ™! observed in the presence of BSA (Fig. 1B) is also
seen here, which is attributed to the proteins present in the EPS.

To examine the predominant components of the extracted EPS from
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Fig. 8. Macroscopic (A, B, and C) and microscopic (Al, B1, and C1) images on granules’ physical characteristics. Granules without any treatment (A, Al), granules
after being exposed to B:U:W (B, B1), and granules after being exposed to LA:Glc:W (C, C1). After treatment, each NADES has a strong impact on the granule shape,

size, and structure.

biofilms, FEEM analysis was used. According to the classification by
Zhou et al. (2013), the emission excitation spectra can be separated into
five regions as follows: region I and II correspond to aromatic,
protein-like compounds, region III to fluvic acid-like compounds, region
IV to microbial-like compounds (e.g., tryptophan and protein-like) and
region V to humic-acid like compounds (Chen et al., 2003; Zhou et al.,
2013). The region classification of FEEM is typically used in water

research due to the usual components found in biofilms (Sanawar et al.,
2018; Zhou et al., 2013). After solubilizing the extracted EPS, both
tested NADES (B:U:W, Fig. 4A and LA:Glc:W, Fig. 4B) show distinct
peaks in the microbial-like compounds region (Region IV), which sug-
gests that the used NADES can solubilize the proteins that are part of the
EPS.
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Fig. 9. ATR-FTIR of the NADES after treating pilot-plant granules. Betaine:Urea:Water (1:1:10) (A), and Lactic Acid:Glucose:Water (5:1:3) (B), indicating solubi-

lization of the pilot-plant granules components.

3.3. Aerobic granular sludge solubility in NADES

The aerobic granular sludge (AGS) are dense self-immobilized mi-
crobial granules that have a compact microbial structure with high EPS
content (Nancharaiah and Sarvajith, 2019). The EPS is a rich matrix of
proteins, polysaccharides, glycoproteins, nucleic acids, phospholipids,
and humic acids (McSwain et al., 2005; Nancharaiah and Sarvajith,
2019). To further analyze the biofilm solubilization potential of the
NADES, AGS obtained from a lab-scale bioreactor were used as model
biofilms. Before the addition of NADES to the granules, the AGS used for
this study were freeze-dried to remove all water content within the
granules. This step is needed to ensure that the observed variations,
mainly in the ATR-FTIR, are caused only by the solubilization of the AGS
biomolecules and not by the addition of water into the NADES. After
each NADES treatment, the samples were analyzed to confirm the
presence of the biomolecules in the NADES. Based on the results ob-
tained from the ATR-FTIR spectra, the increase in the bands between
3000 and 3500 cm ™! can be attributed to O—H stretching as a result of
an increase in the number of hydrogen bonds between the laboratory
AGS and the B:U:W (Fig. 5A). It can also be observed that there is a
variation in the amount of extracted biomolecules between the first,
second, and third B:U:W treatment. For the LA:Glc:W (Fig. 5B), the
ATR-FTIR of the granule does not seem to interfere with the LA:Gle:W
peaks, except for a mild sharpness in the band 1652 cm ™!, which can be
seen in Figs. 1 and 3 with the BSA and EPS, respectively.

The FEEM plot (Fig. 6) confirmed that the macromolecules of AGS,
such as proteins, are being solubilized within the NADES. After the first
treatment with B:U:W (Fig. 6A1) and LA:Glc:W (Fig. 6B1), the plot
shows distinct peaks related to proteins with similar characteristics as
the ones found in BSA. After the second and third treatment with B:U:W
(Fig. 6A2, B3) and LA:Glc:W (Fig. 6B2, B3) it is visible that the NADES is
solubilizing the microbial by-products-like compounds (Region IV),
which suggests that NADES can solubilize the proteins that are part of a
biofilm matrix. This result is in concordance with other studies that
utilized NADES to extract proteins and structural polymers from vari-
able bio-sources like Streptococcus mutans, biomass from rice-straw, and
calf blood samples (Kumar et al., 2016; Li et al., 2016; Lim et al., 2017).
By comparing the three consecutive treatments by FEEM, it can be
observed that the fluorescent peaks of the second and third treatment
with B:U:W shifted more into the microbial by-products-like region of
the FEEM compared with LA:Glc:W. Therefore, it seems that B:U:W can
reach the granular components at a deeper level, and therefore, has a
greater impact on the granules’ structure.

To observe the effect of the NADES in the solid structure of the
granules, the granules were washed with DI water three times to remove
the NADES residuals, followed by freeze-drying. The granules were

analyzed by ATR-FTIR, macroscopic visualization, and dry-weight. The
B:U:W treatment on the solid granule residue (Fig. 7A), seemed to point
at a more significant impact on the granule structure than the treatment
with the LA:Glc:W (Fig. 7B). The solid granule residue after treatment
with B:U:W ATR-FTIR spectrum showed a higher similarity to the B:U:W
NADES ATR-FTIR spectrum, i.e., a strong band around 3000 cm ™~ due to
the N—H and O—H groups stretching, which suggests a high presence
and intercalation of the green solvent components into the structure of
the granules. Substracting the granule contribution in the band around
3000 cm™! from the one corresponding to the granule after B:U:W
treatment, we found that only 36% of the intensity belongs to the
granule itself, meaning that 64% of the solid residuals is the intercalated
NADES. For the LA:Glc:W, there is a negligible presence of NADES
components (less than 1% in the bands around 3000 cm_l), but there is
still a decrease in the intensity of the band around 3000 cm™?, compared
to the non treated granule. This result suggests the removal of bio-
molecules from the moiety of the AGS.

The granules’ form and shape before and after the NADES treatment
were examined through macro and microscopic visualization (Fig. 8).
There is a clear and strong impact on the granule shape, size, and
structure after treatment with the NADES (B:U:W, Fig. 8B, B1, and LA:
Glc:W, Fig. 8C, C1) compared with the non-treated granules (Fig. 8A,
Al). The interaction between the granules and each NADES seemed
different since there are physical variations in the granule macroscopic
aspects after each NADES treatment. The treatment with B:U:W dis-
rupted the shape and form of the granules entirely, while the treatment
with LA:Glc:W decreased the size of the treated granules compared to
the non-treated ones. Scanning electron microscopic images were taken
which confirmed the disruption of the granular structure (Figure S3).
Besides, there was a weight reduction of 69% in the granules treated
with B:U:W based on the ATR-FTIR spectra, while the LA:Glc:W resulted
in a 48% weight reduction. The result observed in Fig. 8B1 and the
granules ATR-FTIR spectra (Fig. 7A) suggest that the B:U:W NADES has
a greater impact on the granule by breaking its structure and replacing
the granule components with the B:U:W. These results confirm the sol-
ubilization of macromolecules (e.g., proteins and polysaccharides) by
the green solvents used for treating biofilms.

To test a more realistic scenario, AGS obtained from a pilot-plant in
Utrecht were treated with the selected NADES. The analysis made with
ATR-FTIR of the B:U:W (Fig. 9A) resulted in similar spectra to the ones
obtained with the laboratory-grown granules (Fig. 5A), only this time,
we were not able to observe a difference between each of the NADES
treatments. This could be attributed to the solubility limit of the NADES
with the biomolecules present on the AGS. The spectra of the eight B:U:
W treatments showed an increase mainly in the region between 3000
and 3500 cm™!, which can be attributed to various hydroxyl O—H
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Fig. 10. FEEM of the NADES after the treatment of pilot-plant granules, after first, fourth and eighth treatment with Betaine:Urea:Water (1:1:10), Al, A2, A3, and
with Lactic Acid:Glucose:Water (5:1:3), B1, B2, and B3. The NADES are capable to solubilize environmental components within the granules matrix.

groups stretchings (Fig. 9A). This increase indicates the intercalation of
the components of the granules with the NADES. On the other hand, the
spectra obtained of the NADES LA:Glc:W (Fig. 9B) after each treatment
show a slight difference at the wavenumbers 1640 and 1720 cm ™},
which can be attributed to the N—H and C = O stretchings, respectively,
in the more complex system and components contained in pilot-plant
AGS.

The potential of the NADES to solubilize more complex systems, such
as pilot-plant granules, was also observed by FEEM (Fig. 10). Compared
to the laboratory granules, the pilot-plant granules have more complex
components, given the environment and treatment they have been
exposed to. Therefore, the pilot-plant AGS were treated with the green
solvents eight times to evaluate the solubility of the granules compo-
nents in the NADES. Each of the treatments was done under similar

conditions (time and temperature). After each treatment, the used
NADES was collected for analysis, and freshly prepared NADES was
added to the remaining granules. From the FEEM, it can be seen that
each NADES solubilizes several components from the pilot-plant AGS.
After the first treatment, humic-like matter (Region V) was present in
the B:U:W (Fig. 10A1) and LA:Glc:W (Fig. 10B1), as well as microbial
compounds (Region IV) for the LA:Glc:W and fluvic-like compounds
(Region III) for B:U:W. Biological compounds are not observed after the
first treatment of B:U:W but are observed in the fourth and eighth
treatment. After the fourth (Fig. 10A2, B2) and eight (10A3, B3) treat-
ments, the humic-like peaks started to have less intensity, and the mi-
crobial compounds (Region IV) began to have a higher intensity in the
spectra. FEEM plots for the 2nd, 3rd, 5th, 6th, and 7th treatments can be
found in SI (Figure S4). This result strongly suggests that the NADES are
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capable of solubilizing not only the proteins and polysaccharides from a
complex biofilm such as the pilot-plant granules but also components of
their matrix from their environment such as humic acids.

Conclusions

This study evaluated the potential of seven different NADES to be
used as cleaning agents for biofouling by dissolving or breaking the
biofilm structure. From the results of the studies we can conclude that:

e Two of the seven NADES tested (LA:Glc:W and B:U:W) successfully
solubilized BSA, extracellular polymeric substances from a mem-
brane biofilm, and extracted macromolecules (e.g., proteins) from
the aerobic granular sludge.

e Both NADES, LA:Glc:W and B:U:W, have a strong impact on the
granule shape, size, and structure. The NADES can substitute some of
the granules’ structural components, acting as an adhesive for the
granules’ remaining components.

e The treatment with B:U:W resulted in a weight reduction of the

granule of 69% in the ATR-FTIR spectra, while the LA:Glc:W had a

48% weight reduction.

The NADES B:U:W seems to be the more efficient NADES that can be

used as a structural breaker since the granule’s floccular shape and

form are entirely lost.

e In a more complex matrix, as a pilot-plant granule, the NADES

interact with the granule components by dissolving first the humic-

like substances present in the granule moiety, followed by the solu-
bilization of the biofilm macromolecules, which will affect the
structure of the granules.

This study presents NADES’s potential to be used as a green solvent

to weaken the biofilm structure and enhance its removal in systems

such as membrane biofouling and to act as a green EPS extraction
method for AGS.
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