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Highlights

o Detailed preparation and characterization of new PVA-Alginate beads for Quorum Quenching
application.

e Supercritical CO, (SC-CO,) drying proved a reliable bead drying technique.
e Beads' pore structure was modified by changing the composition of the crosslinking solution.

e Beads with finger-like pores show superior AHL incorporation capacity compared to other bead types.
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Abstract

Quorum guenching (QQ) has emerged as an effective biofouling mitigation approach in membrane bioreactors.
This study presents new approaches for preparing and characterizing polyvinyl alcohol (PVA) and alginate
beads for QQ applications. The effects of change in concentration of PVA, crosslinking solution composition,
and the impact of mixture dissolution method on physicochemical, acyl homoserine lactones (AHLS)
incorporation and mechanical properties were investigated. Comparisons between evaporative, freeze, and
supercritical CO, drying techniques were followed to characterize textural and structural properties. Beads'
structure, mechanical, chemical modification, and textural properties were characterized by scanning electron
microscopy, texture profile analysis, Nitrogen physisorption, and attenuated total reflection Fourier transform
infrared spectroscopy analysis. Changes in the concentration of PVA and mixture dissolution method impact the
bead pore structure, swelling properties, and AHL incorporation. Changes in the composition of the primary
crosslinking solution cause modifications in the beads’ chain and pore structure. Beads crosslinked using a
primary crosslinking solution composed of boric acid and calcium chloride possess internal structures with high
chain interconnection and hardness. Meanwhile, beads prepared by blending the boric acid and calcium
chloride's primary crosslinking solution with sodium nitrate (named SN-BA) provided new bead types with
pores resembling fingers. Nitrogen physisorption analysis revealed the beads have a surface area between 16
m?/g and 23 m?/g with dominating mesopores. The finger-like pores enhanced the AHL permeation compared to
beads with interconnected polymer chains. SN-BA beads incorporated around 30% of C6-HSL, 24% of C8-
HSL, and 23% of C10-HSL.

Keywords: Quorum Quenching, PVA-Alginate beads, Finger-like pores, Supercritical CO, drying, AHLs
incorporation capacity
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1. Introduction

Membrane bioreactors (MBRS) are recognized as efficient technology for industrial and municipal wastewater
treatment [1]. MBRs utilize a biological reactor coupled with a filtration membrane for wastewater purification.
Nevertheless, membrane biofouling, characterized by a biofilm formation and deposition on filtration
membrane, still poses a significant challenge [2, 3]. Membrane biofouling has been reported to be tightly linked
to Quorum Sensing (QS), a bacterial cell-to-cell communication that results in the production of extracellular
polymeric substances (EPS), which are the main components of biofilms in MBR [1-5]. QS allows bacteria to
control gene expression in response to population density [6]. When their concentration attains a threshold level,
it combines with the receptor protein and activates the transcription of specific genes to induce group behaviors
such as biofilm formation [3, 6-8]. Signal molecules identified to date are mainly N-acyl-L-homoserine lactones
(AHLs) for gram-negative and autoinducing peptides (AIPs) for gram-positive bacteria. Furanosyl borate
diesters and Al-2 signals are used for interspecies communication [3, 9]. In MBRs, the most prevalent bacterial
communication, causing membrane biofouling, is due to AHLs secreted from the dominant gram-negative
bacteria in wastewater [10, 11]. Quorum Quenching (QQ) recently emerged as a biofouling control approach to
disrupt QS. QQ centers on QS inhibition by degrading AHLs using the enzyme-secreting QQ-bacteria like
Rhodococcus sp.BH4 and Pseudomonas sp.1A1 [10, 12].

To ensure effective inhibition of QS by QQ-bacteria, encapsulation of these bacteria within a QQ-media is
crucial. Encapsulation shields the QQ-bacteria from harsh environments in wastewater, like bacteriophages, and
varying pH, temperature, and hydrodynamic conditions to enhance their vitality and efficacy over extended
operation periods [1, 13]. Above all, QQ-media provides a suitable habitat for bacterial colonization,
attachment, and nutrient supply [14]. Mobile QQ media like QQ-beads, hollow cylinders, and QQ sheets are
considerably effective in biofouling mitigation due to the frequent contact of the media with wastewater, which
improves the mass transfer [3,10]. The frequent collision of mobile QQ-medias with the filtration membrane
enhances biofilm detachment in conjunction with AHL degradation by QQ-bacteria [16]. Of all the mentioned
mobile QQ media, QQ-beads are common due to their relative ease of preparation compared to hollow cylinders
and sheets [17]. Hydrogel-based QQ bacteria cell entrapping beads (CEBs) composed of only Sodium Alginate
(SA) were first introduced by Kim et al. [4]. QQ-CEBs showed promising biofouling control in MBRs for less
than 30 days. They also demonstrated QQ-activity, as they effectively degraded C8-HSL, an abundant AHL in
biofilm-formed MBRs [4]. Despite these advantages, SA beads were reported to have poor chemical and
mechanical stability as they are susceptible to change with pH and structural decomposition when introduced to
MBRs with real wastewater [18]. To reinforce beads' mechanical stability, the preparation of chemically
crosslinked QQ-beads mainly composed of polyvinyl alcohol (PVA) and SA was first introduced by Lee et al.
[18]. In PVA-Alginate (ALG) beads, a small amount of SA is added to improve the surface properties of PVA
by inducing steric and electrostatic stabilization effects and preventing bead agglomeration during the
crosslinking process [19]. QQ-beads composed of PVA and SA showed enhanced biofouling control for > 100
days without showing signs of decomposition compared to beads composed of only SA [18].

Chemical crosslinking of PVA and SA by using boric acid (HsBO3) and calcium chloride (CaCl,) is the most
common, easy, and cost-effective method to produce durable beads [17]. QQ-beads formed using only boric
acid and calcium chloride crosslinking agents are not suitable for direct use in MBRs due to the reversible
nature of the boric acid-PVA complex upon immersion in water, as reported by Zain et al. [20]. To solve this
problem, followed this study reported a new approach to initially crosslink the PVA/SA mixture in a boric acid
and calcium chloride solution and transfer to a secondary crosslinking solution composed of sodium sulfate.
They proposed a nucleophilic substitution mechanism whereby the sulfate ions attack borate ions to replace
them in a mechanism known as the Walden inversion, resulting in water-stable beads applicable for use in
MBRs [20]. As mentioned, the crosslinking solutions used for QQ-bead preparation to date are composed of
boric acid, calcium chloride, and sodium sulfate. The saturated boric acid solution used for crosslink PVA is
quite acidic (pH = 4), which can cause difficulty maintaining bacteria viability [19]. Boric acid compromises
cell viability by interfering with bacteria metabolism, disrupting cell membrane integrity, and inducing oxidative
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stress, according to Wu et al. [19] and Candry et al. [21]. The ideal approach to replace boric acid is to use a
crosslinking solution containing nucleophilic ions like sulfates, phosphate, and nitrates with calcium chloride
with the ability to crosslink the PVA/SA mixture and provide water-stable beads in a single step [22]. However,
this attempt poses a challenge as the beads face difficulty forming a stable structure due to the slow crosslinking
rate. A potentially new and unexplored approach involves blending boric acid and calcium chloride solution
with an additional crosslinking agent that crosslinks PVA concurrently but adjusts the crosslinking rate to create
new types of beads with unique structural properties [21].

To ensure the effective degradation of AHLs by the QQ-bacteria in MBRs, tuning the physicochemical
properties of beads is crucial. For example, in the case of encapsulating Rhodococcus sp. BH4, a QQ-bacteria
that secretes an endo-enzyme, AHL degradation occurs in bacteria cells. It involves steps including diffusion of
AHLs from the wastewater, adsorption, and internal diffusion of AHLs onto the beads. Then, enzymatic
degradation of AHLSs takes place inside the QQ-bacteria [3]. The physicochemical properties of the beads highly
influence the diffusion and adsorption of AHLs into the beads, hence the overall efficiency of QQ [5, 23]. The
beads' properties are influenced by a multitude of parameters, including the molecular weight of PVA, the
degree of hydrolysis of PVA, pH, crosslinking time, and the type of crosslinking solution used [15, 21, 24]. The
PVA-to-SA ratio is one of the most critical parameters that dictate their physicochemical properties, immensely
influencing the resulting beads' structure, texture, and mechanical properties. Preparation of QQ-beads primarily
adopts PVA-ALG concentration reported by Lee et al. [18], where the polymer mixture is composed of a 10:1
ratio of PVA and SA. Nevertheless, Islam et al. [17] took a slightly different approach, forming beads with 8%
w/v PVA and 1% w/v SA, utilizing PVA with a degree of polymerization close to that reported by Lee. Despite
existing research on the fabrication of PVA-ALG beads, a study to date has yet to explore the effect of change in
PVA and SA composition, mainly the concentration of PVA, in relation with the structural, textural properties
and AHL incorporation capacity of beads. Additionally, the method employed to dissolve the polymer mixture
is very crucial. Several studies reported the effect of ultrasonic dissolution (US) on the polymer mixture
homogeneity, exposure of polymer functional groups, molecular weight modification, distinct mechanical
properties, and the moisture absorption capacity of PVA films and other hydrophilic polymers [25-30]. Given
these findings, we found it essential to investigate how ultrasonic dissolution affects the physicochemical
properties of PVA-ALG beads compared to those prepared using polymer mixtures dissolved by traditional
dissolution techniques, such as a dry heating oven.

Exploring the physicochemical properties of PVA-ALG beads is critical to understanding their structure and
texture, revealing important details about the mechanical and swelling properties and ability to incorporate
AHLs. However, the hydrated nature of PVA-ALG beads poses a significant challenge. The water inside
interferes with instrumental techniques, making the characterization of physicochemical properties difficult [31,
32]. Considering this limitation, only a few studies have characterized the structural and textural properties of
PVA-ALG beads. A study by Islam et al. [15] reported the structure of freeze-dried QQ beads. Even though this
study unveiled the shape of the QQ-bacteria, the overall bead structure and pore morphology appeared severely
altered. A study by Igbal et al. [2] also successfully revealed the rod shape of Rhodococcus sp.BH4 on the QQ-
sheet surface but not the pore morphology of the QQ media itself [10]. Apart from such attempts, studies have
yet to provide a concrete strategy to characterize structural and textural properties like the porosity, pore size,
and surface area of different PVA-ALG beads for QQ application. As mentioned, the hydrated nature of PVA-
ALG beads poses a significant challenge to the characterization of physicochemical properties; thus, it is crucial
to follow a drying technique before further characterization of the physicochemical properties. However, the
drying method remains a sensitive step that can alter these properties [31, 32]. Selecting a drying technique that
can preserve the beads' three-dimensional porous internal structure and texture is crucial. To face this challenge,
a comparison of bead drying techniques like evaporative heat, freeze, and supercritical CO, (SC-CO,) drying
techniques is investigated.

Accordingly, this study presents follow-ups of novel strategies for preparing and characterizing vacant PVA-
ALG beads (without QQ-bacteria). The effects of change in concentration of PVA, crosslinking solution
composition, and the method of mixture dissolution on the physicochemical properties were examined. A
detailed comparison between evaporative, freeze-drying, and SC-CO, drying techniques was made to understand
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PVA-ALG beads' textural and structural properties. Ultimately, the mechanical property and the AHL
incorporation capacity of the PVA-ALG beads were investigated by using texture profile and Ultrahigh-
performance liquid chromatography coupled Mass spectrometry (UHPLC-MS/MS) analysis, respectively.

2. Materials and Methods
2.1 Chemicals

Polyvinyl alcohol (PVA) with a molecular weight of 88 to 98 kDa (98-100% hydrolyzed) was acquired from
Alfa Aesar®, Germany. Medium viscosity Sodium Alginate (SA) was obtained from Sigma Aldrich®, UK.
Other reagents, including Boric acid (H3BO3), Calcium chloride dihydrate (CaCl,-2H,0), Sodium sulfate
(Na;SO,), Sodium nitrate (NaNO3), N-hexanoyl-L-homoserine lactone (C6-HSL), N-octanoyl-L-homoserine
lactone (C8-HSL), N-decanoyl-L-homoserine lactone (C10-HSL), liquid chromatography-mass spectrometry
(LC-MS) grade acetonitrile (CH;CN), and formic acid (HCOOH), were purchased from Sigma Aldrich®, UK.
Absolute Ethanol (C,HsOH) (> 99.8%) was purchased from Alfa Aesar®, Germany. All solutions were prepared
using ultrapure water (conductivity ~ 0.06 puS/cm).

2.2 Preparation of vacant PVA-ALG beads

Several polymer mixtures of PVA and SA dissolved and crosslinked in different conditions were used to prepare
vacant PVA-ALG beads (without QQ-bacteria). The preparation procedure of the PVA-ALG mixture and beads
are summarized in Fig. 1 and Table 1. For procedure A (OPAL10), a mixture of PVA-ALG was dissolved in a
heating oven (Memmert UM100, Germany) with 10% w/v PVA and 1% w/v SA concentration. For preparation
procedure B (US-10), the concentration of PVA and SA was kept the same as in procedure A. Then, the
PVAJ/SA mixture was continuously swept in an ultrasonic water bath at 37 KHz and 600 W (Elmasonic® 60H,
Germany). For procedure C (OPAS8), the concentration of PVA was reduced to 8% w/v while keeping the SA
concentration at 1 %w/v. This mixture was then dissolved in the heating oven. For procedure D (SN-BA), the
mixture dissolved was dissolved in a heating oven with 10% w/v PVA and 1% w/v SA concentration. After
preparing the respective polymer mixtures, the dissolved solutions were placed in a syringe pump (Harvard
apparatus®, USA) and dropped at 500 uL.min™ into the first crosslinking solution, as shown in Fig. 1. For the
polymer mixture mentioned from procedures A to C, the mixture was initially dropped into a primary
crosslinking solution of boric acid (7% w/v) and calcium chloride (4% w/v) for 2 hours £ 10 min. The beads
were then carefully rinsed with ultrapure water and transferred into a 0.5 M sodium sulfate solution for another
2 hours = 10 min. The PVA/SA mixture was initially crosslinked for procedure D in a boric acid, sodium nitrate,
and calcium chloride solution. The beads were then transferred into 0.5 M solution for 2 hours + 10 min.

Step 1 Step 3
°
PVA/SA mixture

Extrusion into primary crosslinking Secondary crosslinking
solution (procedure A-C (H;B0,:CaCl) solution
& procedure D (H;BO;:NaNQOs: CaCly) (Na;80,)

Fig. 1 Preparation of vacant PVA-ALG beads via the chemical crosslinking process
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Table 1 Preparation procedure of PVA-ALG beads and different controlled parameters.
Step 1 Step 2 Step 3
. L Secondary
- Primary crosslinking P
Concentration . crosslinking
solution .
Procedure Bead (%wiv) solution
type Dissolution | Temperature H;BO,
PVA | SA method € and CaCl, | NaNO; Na,SO,
(Yo wiv: | (% wiv) (M)
%wWiv)
A OPA10 10 1 Oven 90 7:4 - 0.5
B uUs-10 10 1 Sonication 90 7:4 - 0.5
C OPA8 8 1 Oven 105 7:4 - 0.5
D SN-BA 10 1 Oven 90 5:4 2 0.5

2.3 Characterization of PVA/SA polymer mixtures
2.3.1  Viscosity

The Rheomat (RM180, Rheometric Scientific Inc, USA) rotational viscometer was used to measure the
viscosity of all PVA-ALG mixtures at 25 + 2 °C. The mixture was then introduced into a metal tube, and
different shear rates were applied. Three separate PVA/SA mixtures and control solutions solely composed of
either PVA or SA were prepared and analysed.

2.3.2  Surface tension

The surface tension measurements of PVA-ALG mixtures were obtained using a surface tensiometer (KRUSS
K6, Germany) equipped with a tungsten ring at 25 + 2 °C. Five measurements were taken for each mixture type
and averaged.

2.4 Characterization of dry PVA-ALG beads
2.4.1  Drying procedure

As reported in the literature, a proper drying procedure must be followed to evaluate hydrated PVA-ALG beads'
porosity, specific surface area, and pore size [15, 31, 32]. Evaporative heat drying, freeze drying, and
supercritical CO, drying techniques were evaluated to select the appropriate drying procedure.

a) Evaporative heat drying

The evaporative drying procedure was done in a heating oven where 5 grams of wet PVA-ALG beads were
dried at 50°C.

b) Freeze drying

The freeze-drying procedure was carried out by taking 5 grams of wet beads. The beads were frozen overnight
and then freeze-dried (Labconco®, USA) at -50 °C and 2500 mbar.

c) Supercritical CO, drying

Wet PVA-ALG beads were initially dehydrated by immersion in consecutive ethanol baths with 10% v/v, 30%
vlv, 50% vl/v, and 80% v/v for fifteen minutes each. After, the beads were transferred into three separate baths
containing absolute ethanol for the same duration. The beads were then consecutively washed with liquid CO, to
replace the ethanol present within the beads completely. This was followed by drying the beads in supercritical

6
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condition at 31.5 °C and 74 bars using Polaron 3100 [32]. The size of PVA-ALG beads was measured after the
dehydration and SC-CO, drying steps to analyze their shrinkage from the initial wet state. The shrinkage (%) of
the beads was then calculated using Equ. (1).

* 100

V,_V, 1
Shrinkage = WV d @

w

Where V,, represents the volume of the wet beads, and V, represents the volume of the beads after dehydration
with ethanol and supercritical drying steps.

2.4.2  Nitrogen physisorption analysis

After selecting the proper drying procedure, the beads' adsorption-desorption isotherms were registered using
Micromeritics Tri-Star Il volumetric apparatus admitting doses of nitrogen gas in a measurement cell at 77 K.
The beads were outgassed for 12 hours at 323 K until a 0.4 Pa stable vacuum was reached to remove any
existing moisture. The specific surface area of PVA-ALG beads was evaluated using the Brunauer-Emmett—
Teller (BET) method. The pore size and volume analysis were done from the desorption branch of the
physisorption isotherm using both BJH and the DFT model considering the shape of the pores cylindrical. The
shape of the nitrogen (N,) physisorption isotherm provides information on the overall porosity of the beads [32].
For each bead type, the N, physisorption analysis was duplicated.

The net molar energy of adsorption (AE) is defined by the difference in the energy of adsorption (E.s) and
liquefication (5.6 KJ.mol™ for N,), representing the interaction between the first adsorbate layer (E.asorstion) and
the following layers (Ejiquificaion) With the bead surface. It was calculated using Equation (2) [31].

AE = RTIn(C — BET) )

Where R= 8.3145 J.mol™. K™, T is the temperature at which nitrogen gas is admitted to the measurement cell in
kelvin (K), and C - BET, which implies affinity strength between the adsorbate and surface of the beads is
obtained experimentally.

2.4.3  Scanning Electron Microscopy (SEM)

The dry beads' surface and internal morphology were investigated using a scanning electron microscope
(Quanta™ FEG 250, USA). The images were recorded using secondary electron detectors (SE). The
acceleration voltage was set at 5 kV to prevent any beam-induced modifications. Dry beads were directly stuck
on a stub for surface morphology observations. At the same time, the internal morphology was visualized using
dried beads that were sliced during the dehydration step. These beads were coated with a 6 nm conductive
platinum layer. Surface and internal morphologies were then observed at magnifications between 50x and
10000x.

2.4.4  Fiber analysis and pore size distribution

Fiber diameter and pore size distribution of beads were carried out to differentiate the internal structure of
beads. SEM micrographs with similar scales were initially taken. The diameter of fibers and pore size
distribution within the beads were carried out using ImageJ and Origin Pro software, respectively. For the
estimation of fiber diameter and pore size of the beads, 100 and 50 measurements were taken, respectively.

2.4.5  Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)

ATR-FTIR analysis was carried out to analyze the functional groups of PVA-ALG beads before and after the
chemical crosslinking process. The spectrometer (PerkinElmer®, UK) operated with a spectral resolution of 4
cm™ within a range of 400 - 4000 cm™. Before the measurements, the beads were dried, crushed with a mortar,
placed on a plate, and pressed with the same pressure between a prism where infrared light was internally
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reflected at the crystal-bead interface to provide the intended information [33]. A precise peak allocation was
carried by using SpectraGryph, spectroscopy software.

2.5 Characterization of wet beads
2.5.1 Swelling of PVA-ALG beads

Swelling tests were conducted to evaluate the gain in mass and volumetric expansion of PVA-ALG beads after
immersion in water [31, 34]. The volume and mass of these beads were initially measured right after taking
them out from the secondary crosslinking solution. The increment due to water uptake was followed for twenty-
four hours, considering the quick water uptake of PVA-ALG beads reported in the literature [35]. Swelling
analysis was performed on two separate batches of the different bead types. The average was calculated from
ten individual measurements for every time point reported. The volume and mass swelling were calculated using
Equ. (3), (4), and (5) [31, 36].

, W @)
Volume Swelling (%) = v 1100
0
me_m
Mass swelling (%) = =70 4100 )
0
3 ()

4
Volume = §T[T

Where r represents the radius of beads, V, and V. the volume of dry and wet beads in cm?, and m; and m,
represent the beads' final wet and dry mass in grams, respectively.

2.5.2  Hardness of PVA-ALG beads

Compression tests were carried with slight modifications of the protocol described by Kim et al. [37] to
determine the effect of bead formulations on PVA-ALG bead hardness. PVA-ALG beads were compressed
using a texture analyzer (TA-XT plus, Stable Micro Systems, UK) attached with a 5 kg force transducer and a
cylindrical probe with a 15 mm diameter, as schematically shown in Fig. 2. A probe with a flat end was used to
compress the beads 1.5 mm distance and return to its original height. A fast compression speed (0.5 mm. s was
set to reduce any time-dependent behaviors due to water loss. Ten measurements were taken for each bead type,
and the maximum load the beads withstood was averaged. All maximum peak calculations were performed
using Texture Exponent 5.0 software (Stable Micro Systems, UK).

Force transducer o == == ==

== == ® Cylindrical probe

- == == P Test bead

Sample platform = == = 10

5
Time (Sec)
Fig. 2 Schematic illustration of compression tests of PVA-ALG bead
2.6 Mass transfer experiment: AHL incorporation

C6-, C8-, and C10-HSL incorporation onto vacant PVA-ALG beads were carried by batch experiments. Short
and medium acyl chain length AHLs were specifically selected considering their abundance in MBRs and for
the analysis of the effect of acyl chain length on their incorporation into beads [38, 39]. First, C6-, C8-, and
C10- HSL, initially dissolved in acetonitrile, were adjusted to a concentration of 0.1 g. L™. Then, the required
amount of AHL mixture solution was withdrawn from this stoke and added to beakers containing 200 mL tap
water to have a final AHL mixture concentration of 200 pg. L™. After, the different types of beads were
introduced to their respective beakers. The volumetric proportion of the beads with respect to the working
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solution was 9% v/v. A control beaker containing only AHLs was also set to check if the decrease in AHL
concentration is attributed only to their incorporation but not to natural degradation or precipitation. All the
solutions were continuously stirred at 500 rpm. Afterward, a 200 pL sample was collected from each beaker for
the first five hours. Immediately after collecting the samples, a two-microliter of 12 M HCI solution was added
to adjust pH and preserve AHLs from degradation [40]. The AHL samples were dried in a speed vacuum
(Eppendorf concentrator 5301, Germany) at 30°C to extract the AHLs. After drying, a 40% Acetonitrile and
water solution was added to redissolve the AHLs, followed by stirring and sonication steps to facilitate the AHL
dissolution. The AHL extract was analyzed using UHPLC-MS/MS (UHPLC-RS 3000 Dionex® and MS-
QTRAP 4500 AB Sciex®, respectively), an advanced quadrupole mass spectrometer. The extract containing
AHLs were then passed inside the AQUITY UPLC BEH C18 column (Particle size -1.7 pum, 2.1x 50 mm,
Waters Corp., USA). The mobile phase comprised solvent A (H,O + 0.1% HCOOH) and solvent B (CH3;CN +
0.1% HCOOH) [34]. A gradient elution with a flow rate of 0.3 mL.min® was employed throughout the
separation. ESM table S1 further provides information on parameters for gradient elution. For each bead type,
the AHL incorporation analysis was duplicated.

3. Result and discussion

This section presents the comprehensive findings obtained from the characterization of PVA-ALG beads. A
detailed comparative evaluation of results from various characterization techniques, including different drying
methods, SEM, N, physisorption, ATR-FTIR, and UHPLC-MS/MS analysis, are discussed.

3.1 Effect of change in PVA/SA mixture preparation on viscosity

The viscosity of PVA/SA mixtures is a critical parameter determining the physicochemical properties of PVA-
ALG beads. It gives clear insight into the conformational arrangement of the polymer chains, which is integral
to understanding the structural, swelling behavior, and mechanical properties of PVA-ALG beads in relation to
the mixtures’ concentration and dissolution method followed [25, 26, 41]. As summarized in Table 2, the
viscosity of PVA/SA mixtures OPAL0, US-10, and OPA8 was measured at 2.86 (+ 0.5) Pa. s, 1.9 (x 0.4) Pa.s,
and 1.2 (x 0.04) Pa. s, respectively. These results align with the findings by Mwiiri et al. [42], in which the
viscosity of low (68 kDa) and high molecular weight (186 kDa) PVA with concentrations ranging from 5% to
20% wt. were reported between 0.09 to 40.2 Pa.s.

Table 2 Summary of the viscosity for PVA-ALG mixtures and control solutions solely composed of either PVA

or SA
Polymer mixture Surface
Polymer concentration (% wi/v) . . Viscosity tension
# mixture Method of dissolution (Pa.s) £ SD (mN.m'l) +
PVA SA
SD
1 OP10 10 - Oven 1.23+0.17 -
2 US-P10 10 - Ultrasonication 0.73 +0.06 -
3 OP8 8 - Oven 0.17+£0.07 -
4 0-Al - 1 Oven 0.030 +0.003 -
5 US-Al - 1 Ultrasonication 0.02 +0.01 -
6 OPA10 10 1 Oven 2.86 +0.50 56.27 £ 0.55
7 USs-10 10 1 Ultrasonication 1.90 +£0.40 56.15 + 0.33
8 OPA8 8 1 Oven 1.20 £ 0.04 55.66 + 0.55

Upon comparing the viscosities of the polymer mixtures OPA10 and US-10, both prepared under the same
PVAJ/SA concentration but different dissolution methods, it was recorded that the OPA10 polymer mixture,
which is dissolved in a heating oven, exhibited 33% higher viscosity compared to US-10 mixture where
ultrasonication is applied. Ultrasonic treatment is recognized for its ability to cause the scission of polymer main
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chains, reducing molecular weight. Acoustic waves generated during sonication trigger microbubble formation,
which collapses, causing cavitation [27, 43]. This cavitation effect is accompanied by a rise in temperature in
the water bath, resulting in intense heating [25, 44]. Consequently, the —-[CH,CHOH]- and monosaccharide units
of PVA and SA cleave, diminishing molecular weight, hence the viscosity of the mixture [25, 45]. Previous
studies have reported analogous observations, wherein ultrasonic treatment led to decreased viscosity of both
PVA and SA [43, 45]. A study by Rahamadiawan et al. [29] and Abral et al. [25] reported that ultrasonication
of PVA mixtures also results in the disaggregation of the polymers and generates more individual polymer
chains with free hydroxyl groups available for interaction during the chemical crosslinking process. Such effects
of ultrasonication influence chain conformation and entanglement of both polymers inside the mixture [27]. The
higher viscosity measured when the mixture was dissolved using a heating oven indicates the dissolution
method does not induce significant chain scission, thereby preserving the chain entanglement [45]. This
observation is further validated as the control solutions comprising either PVA or SA show a similar trend, as
summarized in Table 2. When conducting a comparative analysis of control mixtures OP10 and US-P10, each
containing 10% w/v PVA, the viscosity was measured to be 1.23 £ 0.17 and 0.73 £ 0.06 Pa. s, corresponding to
a 40% difference.

Similarly, in the solutions US-Al and O-A1, composed of only SA, the viscosities were 0.03 Pa. s and 0.02 Pa.
s, respectively, corresponding to a 33% difference. The change in concentration of PVA to 8% w/v in the OPA8
mixture yields a viscosity of 1.2 £ 0.04 Pa. s, which agrees with the study reported by Rafiq et al. [46]. The
reduction in viscosity is attributed to the presence of less solid PVA in the mixture for the same volume of
water, resulting in fewer interactions between the polymer chains, making it easier for the polymer mixture to
flow, hence reducing the viscosity. The surface tension of PVA/SA mixtures remains almost similar regardless
of the changes in preparation conditions, as summarized in Table 2. This indicates the surface of the polymer
mixture is saturated, and intermolecular interaction between PVA and SA is consistent throughout [42]. In
general, viscosity analyses indicated a change in the concentration of PVA, and the methodology employed for
mixture dissolution impacts the PVA/SA viscosity.

3.2 Selection of bead drying procedure

The textural properties, such as porosity, pore size, and specific surface area, play an integral role in the overall
efficacy of QQ. High specific surface area and porosity offer an optimal environment for microbial attachment,
colonization, and nutrient delivery [14]. For precise characterization of textural properties, along with the
internal and external structures of the PVA-ALG beads, it is imperative to employ a drying methodology that
preserves their texture and structure [32]. This section discusses the results of coupling N, physisorption and
SEM analysis of evaporative, freeze, and supercritical CO, (SC-CO,) dried OPA10 beads. This bead type was
chosen for later application of the chosen drying technique across all the newly formulated beads.

According to previous studies by Robatzier et al. [32], Conzatti et al. [31], and Rodriguez et al. [47],
evaporative, freeze, and SC-CO, drying procedures form dry polymer solids known as Xerogels, Ccryogels, and
Aerogels, respectively [26, 27, 43]. Textural properties of a selected bead type after undergoing different drying
procedures are also summarized in Table 3. The N, physisorption analysis revealed that the BET surface area of
cryo- and aerogel beads was 0.83 m%g and 16.8 m%/g, respectively. Information was not obtained on the BET
surface area, porosity, or pore size of xerogels, which were recorded below the detection limit of the analysis
equipment. SEM micrographs of evaporative heat-dried beads further elucidated compact bead structure with no
visible external or internal porosity, as shown in Fig. 4 a to c. This is due to the evaporative drying procedure
drawing tension at the meniscus of the solvent-vapor interface and leading to the complete collapse of the pores.
The colloidal units are drawn to each other, forming beads with a "donut" like internal structure. These beads
also undergo a shrinkage of around 56% from their wet size.

A relatively low specific surface area and narrow pore distributions were also recorded for the freeze-dried
beads. This is due to the drying process inducing the formation of large macroporous cavities and very narrow
pores due to the crystallization of water inside the beads. This is further elucidated in Fig. 4 d to f as the surface
of freeze-dried beads possesses a non-spherical and uneven surface with wrinkles, which has been reported to be
due to evaporation-induced surface tension [31]. The freeze-dried beads also undergo shrinkage of around 39%.
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On the other hand, high specific surface and porosity were obtained for the SC-CO, dried beads due to the
absence of surface tension in the pores during the SC-CO, drying procedure, which maintains pore structure [31,
32]. These results are consistent with the findings reported in the literature for polysaccharide-based films after
SC-CO; drying [31]. The SEM micrographs in Fig. 4 g also confirm that SC-CO, dried beads demonstrate
sphericity, a smooth external surface, and a porous internal structure. These improved structural appearances are
attributed to the elimination of surface tension at the liquid-vapor interface, inhibiting denaturation and collapse
of the surface and internal pore structure [31]. Fig. 3 presents the nitrogen physisorption isotherms, which
provide information on the overall porosity and the cumulative pore size distribution of freeze and SC-CO,
dried beads. A type IV adsorption-desorption isotherm characteristic for mesoporous materials dominated the
porosity of beads in both drying procedures. The cumulative pore volume and pore sizes of SC-CO, dried beads
were approximately 0.1 cm®g and 2 nm to 50 nm, respectively. The cumulative pore volume < 0.006 cm®/g and
narrow pore sizes ranging between 2 nm to 7 nm were recorded for the freeze-dried beads. The small pore size
distribution in freeze-dried beads is attributed to the crystallization of water inside the bead structure, which
causes the formation of very narrow pores in addition to excessively large cavities. The cumulative pore volume
distribution of SC-CO, dried beads is much greater than freeze-dried beads, as SC-CO, beads relatively
maintain the porous structure and internal polymer chain crosslinking density. Despite the favorable cumulative
pore volume and size distributions of SC-CO, dried beads, it should be noted that the N, adsorption method can
also underestimate the adequate pore size of the SC-CO, dried beads [31]. The analysis method can only detect
pores with sizes below 100 nm, leading to undervaluation of macroporosity in the PVA-ALG beads, which has
also been reported in the literature [31, 32]. The relatively high textural properties (pore size, volume, and
surface area) of SC-CO, were found to be a more reliable drying technique for PVA-ALG beads than freeze and
evaporative drying techniques. In addition to the textural properties, SEM analysis confirmed that SC-CO,
preserves the porous structure of the bead's internal matrix, unlike the evaporative and freeze-dried beads, which
display collapsed and cavitated pore structures. In conclusion, the texture and structural properties of SC-CO,
dried beads are considered close to the hydrated state, enabling further analysis of the formulated beads using
this drying technique.

Table 3 Overall data on BET surface area, pore size, and porosity of OPA10 beads for supercritical CO,, freeze,
and evaporative heat drying procedures.

Drying procedure Tem(%((e:r;ature I?riez ?lrjrzjfag](:)e (npng)re( gét_er ) Porosity  Shrinkage (%)
Supercritical CO, 315 16.8 2-50 Mesoporous 42.5
Freeze drying -50 0.83 2-7 Mesoporous 39
Evaporative heat 50 - - - 56
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Fig. 4 SEM micrographs of surface, cross-sectional, and internal morphology of a to ¢ ) Evaporative, d to f)
Freeze, and g to i ) SC-CO, dried PVA-ALG beads with the surface (a, d, and g) and internal porous structure
(b, c, e, f, h, and i) of selected OPA10 beads.
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3.3 Physicochemical characterization of supercritical CO, dried PVA-ALG beads

After selecting supercritical CO, as a reliable drying technique, the formulated PVA-ALG beads underwent
drying and characterization to comprehensively investigate the impacts of change in bead formulation on
surface and internal morphology, as well as their specific surface area, pore size, and overall porosity.

3.3.1 Characterization of surface and internal structure of PVA-ALG beads

The SEM micrographs presented in Fig. 5 and Fig. 6 demonstrate surface and internal morphology of PVA-
ALG beads, respectively. The surface of PVA-ALG beads appears to be smooth. The presence of low surface
tension during the SC-CO, drying process helps minimize capillary forces, which cause shrinkage and
deformation of the surface structure of PVA-ALG beads [47]. The mitigation of capillary forces also diminishes
the occurrence of surface roughness. Despite the surface of these beads appearing completely smooth and
spherical, they also appear dense. Sanz-Horta et al. [47] reported this appearance due to the fast diffusion of CO,
from the beads' surface during the depressurization step of supercritical CO, drying. Meanwhile, Chan et al. [48]
reported excessive gelation of SA by Ca?" ions near the surface responsible for this appearance.
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Fig. 5 Surface morphology of a) OPA10, b) US-10, ¢) OPAS, and d) SN-BA beads

Fig. 6 SEM micrographs of the internal morphology of a to ¢) OPA10, d to f) US-10, g to j) OPA8, and j to I)
SN-BA of supercritical CO, dried PVA-ALG beads

Fig. 6 a to | present SEM micrographs of the OPA10, US-10, and OPAS8 beads. These beads were prepared
using boric acid and calcium chloride as a primary crosslinking solution, followed by crosslinking in sodium
sulfate solution. The possible chemistry of chemical crosslinking of PVA-ALG beads with B[OH],, SO,*" and
Ca’* ions is also presented in ESM Fig.S1[20]. These beads are characterized by a highly interconnected pore
network covered with thin skin layer. Upon crosslinking the PVA/SA mixtures by B[OH],” and Ca*" ions, fast
crosslinking occurs first at the periphery of beads, forming the skin layer [21]. Then, a portion of water is
expelled from the solidified bead surface into the bead core, forming water-rich and lean layers. The skin layer
further delays the diffusion of the crosslinking solution into the core, leading to slow crosslinking of PVA,
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forming a densely interconnected chain network [21]. The delay in the crosslinking process can also be
attributed to slow crosslinker diffusion in addition to chemical potential differences as the crosslinking process
proceeds [49]. Similar findings regarding the appearance of interconnected pore networks in PVA-ALG beads
have already been reported in the literature [21]. In addition, OPA10, US-10, and OPA8 exhibit hole-like
structures in the cores of the beads. Candry et al. [21] suggested the presence of these hole-like structures to be
due to the impact of the skin layer delaying diffusion of the crosslinking ions into the beads, resulting in the
observed cavities.

The beads OPA10 shown in Fig. 6 ¢, composed of 10% w/v PVA and 1%w/v SA, exhibit porous internal
structure characterized by significant polymer chain branching and well-defined chain orientation. Fig. 7
presents the fiber diameter and pore size distribution of OPA10 and US-10 beads. The mean pore size and fiber
diameter in these beads were measured at 1.31 = 0.4 um and 0.24 = 0.07 um, respectively. Similarly, US-10
beads, produced with the same concentration of PVA but a different method of dissolution, demonstrate an
internal structure with high chain crosslinking density with mean pore sizes and fiber diameters measured 0.83 +
0.26 um and 0.18 + 0.05 um, respectively. As explained in section 3.1, the dissolution of the PVA/SA mixture
using ultrasonication results in chain scission and disaggregation of -[CH,CHOH]n- and monosaccharide unit of
PVA and SA, respectively. These short individual polymer chains crosslink, forming a structure with a
significant crosslinking density. This is further elucidated as pore size distribution and fiber diameter of US-10
beads are relatively narrow compared to OPA10 beads, as presented in Fig. 7 ¢ and d. Studies by Rahamadiawan
et al. [50] and Zhang et al. [51] also reported similar observations where ultrasonication reduced the fiber
diameter and sectioned the fibers of both cellulose and PVA films into shorter lengths. In addition, their study
reported an increase in micro- and nanopores after ultrasonication. Meanwhile, OPA8 beads, composed of
8%w/v PVA, possess an internal structure featuring relatively larger pores and less chain branching, as shown in
Fig.6gtoi.

SN-BA beads were prepared using the blended primary crosslinking solution of boric acid, calcium chloride,
and sodium nitrate, followed by crosslinking in sodium sulfate solution. Their internal pore structure consists of
long protrusions resembling fingers, extending from the surface into the bead's core, as shown in Fig. 6 j.
Beneath the finger-like structures, spongy-like pores can also be observed. These beads also don't exhibit
cavities in their core like the OPA10, US-10, and OPAS8. In addition to the polymer mixture concentration, one
factor that dictates the pore morphology of polymer-based membranes and hydrogels is a difference in diffusion,
hence, the crosslinking rate of the polymers with their respective ions [52]. Nielen et al. [52] reported the effect
of different salts on polystyrene-alt-maleic acid (PSaMA) pore morphology. This study provided detailed
information on how the rate at which the salt ions diffuse and interact with the polymer is dictated by diffusion
rate and affinity, resulting in differences in the pore morphology of the membranes [52]. Macro-voids are also
observed in membranes prepared using a bath blended with sodium nitrate and other salts (ionic strength > 0.3
M). In this regard, the presence of nitrate ions in the crosslinking solution has led to the modification of the
crosslinking of PVA-ALG beads. The diffusion coefficients of ions involved in crosslinking the PVA-ALG
beads are summarized in Table 4 [52-54]. Compared to B[OH], ions, the diffusion coefficient of NO; ions is
much higher. Considering both these ions interact with PVA, this difference in diffusion may lead to uneven
crosslinking as PVA has less time to organize and form uniformly crosslinked pore structures. As depicted in
Fig. 6 I, spongy-like pores are also observed between and beneath the fingers. The occurrence of these pores
could be due to the slow crosslinking of PVA by B[OH], ions. In conclusion, SEM analysis of SC-CO, dried
beads shows changes in the concentration of PVA, the method employed to dissolve the polymer concentration,
and the composition of the crosslinking solution, which leads to the modification of pore morphology and chain
entanglement.
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Table 4 Diffusion coefficients of crosslinking ions used in our study [52-54]

lon Diffusion coefficient (D)

(10”° cm?/s)
ca* 0.79
Na* 1.33
NO;3 1.90
H* 9.31
Cr 2.03
B[OH], 0.51
S0,% 1.07
a) 5 b) 40 I Fivor diameter (ym)OPAT0

Count

04 08 12 16 20 24 0.1 0.2 0.3 0.4 0.5
Pore size distribution (um)- OPA10 Fiber diameter (um)-OPA10
c) _ [EPore size distribution (um)- US-10] 9 % B2 Fiber diameter (um}-US-10
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g
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N 0 D 7% % 24 % %2 .
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Pore size distribution (um)- US-10 Fiber diameter (um)-US-10

Fig. 7 Pore size and fiber diameter distribution of OPA10 beads (a and b) and US-10 beads (c and d)
3.3.2  Effect of change in preparation conditions on the textural properties

The impact of changes in PVA concentration, methods of dissolution, and crosslinking solutions composition on
the textural properties of PVA-ALG beads are discussed in this section. Analysis results on porosity, BET
surface area, and pore size distribution obtained from N, sorption analysis are all summarized in Table 5 and
Fig. 8.

The N, adsorption-desorption isotherm of a selected SN-BA bead is shown in Fig. 8 a as representative for all
formulated beads. The adsorption-desorption isotherm obtained appears to be an isotherm representing a type IV
isotherm with an abrupt increase in nitrogen gas uptake at high relative pressure ranges and a saturation plateau
characterized by an inflection point [32]. Adsorption occurs through the multilayer formation of N, molecules
on the internal surface of the pores. The desorption branch of the isotherm shows an H1 hysteresis loop, which
is observed in mesoporous materials with relatively narrow pore size distributions [32]. The BET surface area of
OPAL10, US-10, OPAS8, and SN-BA beads reported in Fig. 8 b was measured ~17 m?/g, 23 m?/g, 16 m?/g, and 17
m?/g, respectively. These findings are consistent with the previous study reported by Du et al. [55], where the
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BET surface area of PVA-ALG-FeCl, beads was reported to be around 19 m?/g, with mesopores dominating the
overall porosity [45]. The cumulative pore size distribution results obtained through the DFT and BJH models
indicate that the PVA-ALG beads, OPA10, OPAS8, US-10, and SN-BA, have pore sizes ranging between 4 and
40 nm and cumulative pore volume of 0.1 cm®/g. ESM Fig. S2 further details cumulative pore size distributions
of SC-CO, dried beads. Considering the pore sizes obtained, all formulated beads are mesoporous. The textural
properties of SC-CO,-dried PVA-ALG beads are similar among different bead types. BET surface area, pore
size, and porosity are comparable despite different bead formulations. The observed resemblances can be
attributed to the fact that, as indicated in Table 2, the surface tension (v ), a critical factor dictating the size of
the bead droplet, is similar, leading to the creation of roughly the same size. Second is the notable shrinkage the
beads undergo from a swollen state to aerogels after the SC-CO, drying. The shrinkage of the beads ranges
between 41 % and 44 % of their original size, as reported in Table 5. Third is limitation of the analysis
equipment, which is restricted to detecting pores below 100 nm. This prevents the detection of existing
macropores within the beads.

The net molar energy (AE) and C-BET values are calculated to analyze the interaction strength between the first
and consecutive adsorbate layers with nitrogen and bead surface. These results are summarized in Table 5. The
AE was calculated between 2.57 kJ.mol™ and 2.66 kJ.mol™. Meanwhile, the C-BET values were 56 and 64,
respectively. The highly crosslinked polymer network of OPA10, US-10, and OPA8 beads, which has been
reported in Fig. 6 a to i, exhibit a much stronger affinity to the beads' surface due to the confinement of nitrogen
gas in the pores, which enhances the interaction between nitrogen molecules and the bead's surface leading to
relatively high AE and C-BET values [31]. The C-BET value (56) for SN-BA beads was relatively low,
possibly due to the finger-like protrusions that don't confine the nitrogen gas much compared to other bead
types. However, carefully considering the C-BET values must be made as mesopores artificially increase this
value [31].

Bead Average Diameter Shrinkage Pore size Pore Volume Net moIAar
type wet beads (mm) +SD (%) (nm) (OFT)  (cm¥g) (BJH)  C-BET e?Ejg%él_l?)
OPA10 4.25+0.03 42.5 4-40 0.1 64.3 2.66
US-10 440+0.1 43.3 4.5-40 0.1 61.0 2.62
OPAS8 423+0.1 43.4 4-40 0.1 64.0 2.65
SN-BA 4.50 £ 0.01 40.7 4.5-20 0.1 56.0 2.57

Table 5 Textural properties of different PVA-ALG beads
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Fig. 8 a) N, adsorption-desorption isotherm of a selected SN-BA bead and b) BET surface area of all PVA-ALG
beads
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3.33 ATR-FTIR

ATR-FTIR analysis was conducted on PVA powder, SA powder, OPA10, US-10, OPAS8, and SN-BA dried
PVA-ALG beads to detect the alterations in functional groups pre- and post-chemical crosslinking process.
ATR-FTIR spectra of pure PVA, SA powder, and chemically crosslinked beads prepared in different conditions
are presented in Fig. 9. Peaks of interest have also been selected and marked. ESM Fig S3 also provides further
information on the % Transmittance for all the peaks of interest.

SN-BA
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Fig. 9 ATR-FTIR spectra of pure PVA, Pure SA, and chemically crosslinked PVA-ALG beads

The primary peak of pure PVA exhibits broad, symmetric stretching vibrations of the -OH group around 3300
cm™. In addition, the -CH stretch, -CO stretch, and -C-C elongation of PVA were detected at 2939 cm™, 1094
cm, and 840 cm™, respectively [33, 56]. A small band typical to asymmetric -C=0O stretch from residual vinyl
acetate precursor of PVA was observed at 1710 cm™. The -C=C- stretch attributed to acetyl groups of polyvinyl
acetate, which is the precursor polymer of PVA reported by some studies, was not observed, which could be due
to the high degree of hydrolysis PVA (> 99%) utilized in this study [33]. For SA, characteristic vibrations
representing -OH stretch, -CH stretch, symmetric and asymmetric stretch of the -C=0 bond of COO™ group of
SA were recorded at 3300 cm™, 2933 cm™, 1595 cm™, and 1407 cm™ [33, 57]. In addition, a characteristic peak
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for SA representing O-Na™ stretch is observed at 464 cm™ [33]. Similar observations on the existing peaks of
PVA and SA were also reported by Touzout et al.[58] and Pang et al.[59].

Following the chemical crosslinking of the PVA-ALG mixture, the peak intensity was observed for symmetric
stretching of -OH groups, between 3296 cm™ and 3272 cm™ for all bead types. This increase is attributed to a
high degree of crosslinking of hydroxyl -OH groups with [B(OH),] ~ and subsequently with SO,* ions.
Symmetric and asymmetric stretching vibrations of the -CO bond of COO™ group of SA, -CO, and -C-C
stretching vibrations were detected at 1610 cm™, 1418 cm™, 1089 cm™, and 830 cm™, as summarized in
Erreur ! Source du renvoi introuvable. [33, 57]. Spectral shifts observed from 1595 cm™ to 1610 cm™ and
1407 cm™ to 1417 cm™ of SA and crosslinked PVA-ALG beads is due to the replacement of Na* in guluronic
acid residue by Ca*" and, hence, a change in charge density and the radius of the atomic weight of the metal
cation [57]. The shift observed from 1094 cm™ ! to 1089 cm™ 1, accompanied by spectral amplification,
signifying the modifications occurring in the crystalline domains of PVA [33]. The beads OPA10, US-10, and
SN-BA, composed of 10% PVA, the -OH stretches were observed at a relatively low wave number compared to
OPA8 beads with 8% PVA. The -OH stretch observed at 3296 cm~ * for OPAS8 beads is due to weaker hydrogen
bonding, causing a spectral shift to a relatively higher wave number [60]. The vibration corresponding to the -
CH stretch is also observed between 2910 cm™ and 2940 cm™. For the beads OPA10 and US-10, the -CH stretch
is observed at 2913 cm™ and 2910 cm™. For the beads OPAS8, the -CH stretch is marked at 2940 cm™. The
spectral shift to a relatively higher wavenumber is again due to the low concentration of PVA, as few absorbing
species are present compared to the beads composed of 10% w/v PVA concentration [27, 47]. The spectral shifts
observed from 464 cm™ to 472 cm™ and 483 cm™ in pure SA versus crosslinked beads are due to the
replacement of Na* in the guluronic acid residue of SA by Ca®*, leading to the formation of "Egg-box structure".
Change in charge density and atomic radius of the cation leads to this spectral shift [57]. ATR-FTIR analysis
confirmed that the chemical crosslinking of the PVA-ALG mixture resulted in spectral shifts compared to pure
PVA and SA, further justifying the alterations in the chemical structure after cross-linking.

In conclusion, SEM analysis, ATR-FTIR, and N, physisorption technique effectively characterized the structural
and textural properties of PVA-ALG beads dried using SC-CO,. SEM analysis revealed significant changes in
beads' internal pore structure, polymer chain branching, and pore sizes depending on different bead preparations
followed. ATR-FTIR verified that the crosslinking of PVA-ALG alters the intensity and position of infrared
peaks compared to pure PVA and SA, indicating structural chemical modifications post-crosslinking. All the
formulated beads showed specific surface areas between 16 m?/g and 24 m?/g and pore sizes between 4 and 40
nm. Minor variations in BET surface area and pore size were recorded across different bead preparations,
attributed to bead shrinkage post-SC-CO, drying and instrumental limitations restricting the detection of pore
sizes above 100 nm.

3.4 Swelling properties of PVA-ALG beads.

The swelling behavior of PVA-ALG beads was analyzed, considering its contribution to structural and
mechanical stability and adsorption properties [61, 62]. The swelling of PVA-ALG beads occurs due to their
polymer chains absorbing water and the diffusion of water into the pores of the bead matrix [34, 36]. This
property is primarily governed by crosslinking inside the bead's internal structure, which is influenced by type
of crosslinking solution, polymer concentration, crosslinking time, and crosslinking rate between the polymers
and crosslinkers [62]. The beads were immersed in water to assess the changes in both mass and volume, and
the increments were followed for the first twenty-four hours. These findings are reported in Fig. 10. Kinetic
analysis of mass swelling shows a significant contribution towards their equilibrium size in the first four hours,
as depicted in ESM Fig. S4. The %volume swelling OPA10, US-10, OPAS8, and SN-BA beads were also
measured at 129%, 175%, 142%, and 129%, respectively, consistent with the findings of Lan et al. [34, 63].
Their study reported volume swelling of SA and powdered activated carbon/SA core-shell beads to be 116%
and 177% [34]. Notably, % volume and mass swelling of US-10 beads are relatively high. This could be due to
free hydroxyl groups even after crosslinking, which could enhance water uptake [23, 25, 39, 42]. Previous
works reported that ultrasonication enhance moisture absorption in PVA films due to the exposure of the
hydroxyl groups to the surface [29, 43, 64]. In comparison, beads OPA10, prepared in conditions similar to
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those of US-10 except for a change in the dissolution method, exhibited 46% lower expansion in volume. OPA8
beads, with 8% w/v PVA, show relatively high-volume swelling compared to OPA10 beads due to existing
porosity and fewer chain branching facilitating chain mobility, hence water uptake. SN BA beads also display a
lower %volume swelling than US-10 and OPA8 beads.
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Fig. 10 Mass and volume swelling (%) of PVA-ALG beads
3.5 Hardness of PVA-ALG beads

Hardness related to the strength of beads is investigated considering the PVA-ALG bead physical washing effect
in MBRs [37]. Variable hydrodynamic conditions persisting in MBRs create turbulence and different circulation
frequencies, determining the collision recurrence of the beads with the filtration membrane [3]. Such changes in
operation affect their mechanical stability [3, 36]. Fig. 11 presents the hardness of PVA-ALG beads, evaluated
to analyze the bead resistance to deformation under constant compressive load. Based on the test results
obtained, the hardness of OPA10, US-10, OPA8, and SN-BA beads was measured at 0.29 (+ 0.05) N, 0.24 (=
0.03) N, 0.23 (+ 0.01) N, and 0.15 (= 0.01) N, respectively. The beads OPA10 possess relatively high hardness
compared to other bead types. This is due to extensive polymer chain branching and interconnection in the
beads structure, which provides good mechanical stability [36]. In addition, as shown in Fig. 6 c, the polymer
chains of these beads possess uniformity in arrangement, which generally leads to a more homogeneous
distribution of the applied load when subjected to compression. For the beads US-10, hardness is 17% lower
than OPA10 beads. Despite having a more densely interconnected chain structure, which should lead to better
hardness, the limitation could have risen from the short PVA chains shown in Fig. 6 e, which possess short ends,
making them respond to the applied load relatively easily. In addition, the swelling of US-10 beads is also
higher. When the beads swell, they become soft and less rigid [61]. The polymer chains move more freely,
reducing crosslinking effectiveness and potentially affecting the hardness of US-10 beads [27]. OPAS8 beads also
exhibit lower hardness due to their more porous internal structure and enhanced water uptake. In contrast, SN-
BA beads exhibit the least hardness than the other beads. This is attributed to the finger-like pores, which create
weak spots for the bead structure to collapse [49]. The relatively weaker hardness of SN-BA beads might have
some implications for their long-term performance in MBRSs. These results highlight the differences in the
bead's internal structure resulting from variations in polymer mixture concentration. Additionally, the
composition of the crosslinking solution also plays a substantial role in dictating their hardness.
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3.6 Incorporation of AHLs

The incorporation of AHL molecules with short and medium chain lengths onto PVA-ALG was examined to
evaluate the adsorption capacity of the newly prepared beads. The results representing the incorporation kinetics
of AHLs onto SN-BA beads and the incorporated C6-, C8-, and C10-HSL quantity (%) for all bead types are
presented in Fig. 12. The incorporation kinetics for selected SN-BA beads, reported as a representative for all
beads, shows AHL incorporation occurs in the first hour. A similar tendency was observed in almost all
remaining bead types. AHL incorporation follows a trend where the incorporation of AHLs with shorter acyl
chain lengths (C6-HSL) is comparably higher than those possessing medium chain lengths (C8-HSL and C10-
HSL). AHLs with short acyl chains are less hydrophobic than long-chain AHLSs, allowing the hydrophilic PVA-
ALG beads to have a relative affinity, hence higher incorporation on the beads [65]. SN-BA beads possess a
higher AHL incorporation capacity than other bead types. SN-BA beads adsorbed around 30%, 24%, and 23%
of the initial C6-, C8-, and C10-HSL concentration, respectively. The finger-like pore structures enhance AHL
permeation by shortening the transport pathway to the spongy pores in the beads [49]. Kim et al. [4], who
reported the first QQ-beads composed of SA, explained spacious pore structures within the beads provide a
good environment for bacterial colonization and offer low mass transfer resistance, allowing easy permeation of
AHL molecules, which led to a very effective degradation of C8-HSL by the QQ-bacteria. AHL incorporation
measured for OPA10, US-10, and OPAS8 beads possessing interconnected pores are also summarized in Fig. 12
b. The amount of C6-, C8-, and C10-HSL onto these bead types is notably lower. This is attributed to the
densely crosslinked pores that can hinder the permeation of AHLSs into the beads compared to the finger-like
pores [49]. US-10 and OPA10 beads, composed of 10% PVA, possess high AHL incorporation compared to
OPAB8 beads with 8% w/v PVA. The internal structure with highly interconnected chains provides more surface
for the AHLSs to adhere to, enhancing incorporation. Recently, Kim et al. [66] reported the incorporation of C8-
HSL onto vacant PVA/SA beads around 15%, close to the quantity incorporated on vacant OPA10, US-10, and
OPAB8 beads in our study. These findings indicated that the beads' internal structure significantly affects AHL
incorporation. The finger-like pore structure induces significant AHL permeation to the spongy-like pores
beneath, hence high incorporation capacity.
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4. Conclusion

This study present novel approaches for preparing and characterizing PVA-ALG beads for QQ applications.
Specifically, findings on the impacts of change in PVA concentration, the methodology employed to dissolve
the PVA/SA mixture, and the composition of the crosslinking solution on the structural, textural, mechanical,
swelling properties, and AHLs incorporation capacity of different beads were discussed. In conclusion,

1) Changes in PVA concentration and the technique employed to dissolve the PVA/SA mixture influence
viscosity, giving clear insight into the effects of the polymer mixture's composition on PVA-ALG
beads' physicochemical properties.

2) Comparison between evaporative heat drying, freeze, and SC-CO, drying techniques revealed that SC-
CO, drying maintains beads' internal and external porous structure, compared to freeze- and
evaporative drying, which induced significant bead structure modifications.

3) PVA-ALG beads crosslinked using boric acid and calcium chloride crosslinking solution provide
internal structure with significant polymer chain crosslinking density. Meanwhile, beads prepared by
blending the primary crosslinking solution of boric acid and calcium chloride with sodium nitrate result
in beads with internal structures with long finger-like protrusions.

4) PVA-ALG beads are mesoporous, with specific surface areas ranging from 16 m®g to 23 m?g.
Swelling analysis revealed that the beads possess different degrees of swelling due to differences in
porosity and hydrophilic nature.

5) Beads with internal structures possessing high chain crosslinking density demonstrate superior
hardness compared to beads with finger-like pores.

6) Beads with finger-like pore structures exhibited excellent AHL incorporation capacity compared to
beads with densely cross-linked chains. The finger-like pores enhance the permeation of AHLSs into the
beads. Also, AHL with shorter acyl chains (C6-HSL) were more incorporated readily than those with
medium chain lengths (C8-HSL and C10-HSL).
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