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The increasing discharge of nutrient-rich industrial effluents poses a significant environmental challenge,
necessitating efficient and sustainable wastewater treatment strategies. This study developed a living hydrogel-
based biofilter incorporating co-immobilized Chlorella sp. and Bacillus subtilis TISTR 1415 to enhance nutrient
recovery from secondary industrial effluent from vegetable oil factories. Hydrogels were formulated using guar
gum and carrageenan, crosslinked with potassium chloride (KCl), and evaluated for their stability and microbial
immobilization efficiency. Among the tested formulations, the hydrogel with 0.3 M KCl exhibited optimal
properties, including moderate swelling capacity (~1,005 % or ~10 gwater/8dry hydrogel), reduced solubility (~40
%), and enhanced mechanical stability and crosslinking density, leading to improved porosity and microbial
retention. These physicochemical properties facilitated efficient nutrient diffusion and sustained cell viability
within the hydrogel matrix. The synthetic co-culture biofilter with a 3:1 ratio of Chlorella sp. to B. subtilis
significantly enhanced nutrient removal efficiencies compared to monocultures, achieving 98.68 % ammonium
(NHY), 53.45 % phosphate (PO3 ), and 68.60 % COD removal over 7-day trials. The synergistic interaction
between microalgae and bacteria facilitated improved nutrient uptake, organic matter degradation, and
enhanced effluent treatment performance. Furthermore, pH and dissolved oxygen levels were significantly
influenced by microbial activity, with microalgae contributing to oxygen production and pH elevation, while
bacteria aided organic matter breakdown. The living hydrogel-based biofilter presents a promising alternative to
conventional wastewater treatment methods by harnessing the synergistic interactions between biological pro-
cesses and hydrogel immobilization technology. This approach enhances effluent quality and contributes to
innovative solutions for environmental protection and nutrient recovery.

1. Introduction varying widely depending on industrial sources. For example, textile

wastewater contains high concentrations of dyes, heavy metals and

The escalating global demand for industrial production necessitates
effective wastewater management strategies. Industrial activities
generate substantial volumes of wastewater, containing diverse com-
positions and potentially harmful pollutants (Oladimeji et al., 2024).
Industrial processes generate variable and often complex wastewater
streams, posing a significant threat to both aquatic ecosystems and
human well-being (Oladimeji et al., 2024). These wastewater effluents
often contain a complex mixture of organic and inorganic pollutants,

organic chemicals (Wang et al., 2022), whereas food processing waste-
water is rich in organic matter leading to high biological oxygen demand
(BOD) and chemical oxygen demand (COD) (Xu et al., 2024a). In
addition to organic pollutants, vegetable oil processing wastewater is
rich in nutrients, particularly nitrogen (N) and phosphorus (P) (Hartal
et al., 2024). The presence of these nutrients in the effluent can lead to
serious environmental issues, such as eutrophication of receiving water
bodies (Hartal et al., 2024). Effective treatment methods are necessary
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to remove these nutrients before discharge.

Conventional wastewater treatment methods such as activated
sludge processes, anaerobic digestion, and membrane filtration, while
widely employed, often fall short of providing complete and sustainable
solutions (Shamshad and Rehman, 2025). These technologies can be
energy-intensive, require extensive land use, generate significant sludge
volumes necessitating further treatment and disposal, and may prove
ineffective against complex pollutant mixtures (Shamshad and Rehman,
2025). Furthermore, many conventional methods do not actively
recover and convert valuable resources that may be present in the
wastewater stream. This has stimulated the search for more efficient,
cost-effective, and environmentally benign approaches that minimize
waste and maximize resource recovery. Bioremediation, utilizing bio-
logical systems to degrade or remove pollutants, offers a sustainable
alternative to conventional wastewater treatment methods (Srimongkol
et al., 2022).

The application of microalgae in wastewater treatment has gained
significant traction in recent years, driven by their remarkable capacity
for nutrient uptake and converting those nutrients into valuable prod-
ucts (Li et al., 2019). Various microalgal species, including Chlorella sp.,
Scenedesmus sp., Oscillatoria sp., and Spirulina sp. etc., have demon-
strated effective removal of N and P from wastewater (Li et al., 2019).
Especially, Chlorella sp. is a genus of green microalgae renowned for its
high nutrient removal capacity, fast growth rate, and high tolerance to
various environmental conditions, making it highly suitable for waste-
water treatment applications (Adhithya et al., 2025). Species such as
Chlorella vulgaris, Chlorella pyrenoidosa, and Chlorella sorokiniana have
been widely studied for their ability to absorb N, P, and organic pol-
lutants efficiently, thereby improving water quality (Adhithya et al.,
2025). Additionally, their biomass can be harvested for value-added
products like biofuels, animal feed, and biofertilizers, offering eco-
nomic benefits alongside environmental remediation (Li et al., 2019).

In addition, the integration of plant growth-promoting bacteria
(PGPB), such as Bacillus sp., Pseudomonas sp., and Azospirillum sp. etc.,
enhances the efficiency of the bioremediation process by degrading
complex organic compounds in wastewater, thereby increasing nutrient
bioavailability for microalgal uptake and accelerating the overall
treatment process (Guo et al., 2021; Trejo et al., 2012; Yusuf et al.,
2013). For example, Bacillus subtilis has emerged as a highly effective
microbial agent for wastewater treatment due to its robust enzymatic
activity and resilience in diverse environmental conditions (Wang et al.,
2025). It contributes to the degradation of organic pollutants, including
complex carbohydrates, proteins, and lipids, thereby significantly
reducing COD levels in effluents (Wang et al., 2025). Additionally,
B. subtilis has shown potential in reducing ammonium content through
simultaneous nitrification and denitrification processes (Wang et al.,
2025). These multifaceted mechanisms make bacteria not only valuable
for enhancing nutrient removal in integrated co-culture systems but also
for contributing to broader environmental safety and sustainability
goals. This synergistic interplay between specific microalgal strains and
PGPB species offers a promising pathway for significantly improving
wastewater treatment efficacy (Sial et al., 2021).

The synergistic interaction between microalgae and bacteria can
further enhance the efficiency of biological wastewater treatment. Many
studies have demonstrated the beneficial effects of combining micro-
algae and bacteria in co-cultures for nutrient removal and biomass
production (Janpum et al., 2022; Li et al., 2024). Bacteria contribute to
nutrient cycling and organic matter degradation by releasing enzymes
that break down complex organic matter into simpler nutrients, creating
a favorable environment for microalgal growth (Janpum et al., 2022; Li
et al., 2024). Conversely, microalgae produce oxygen, which is essential
for the aerobic respiration of bacteria, and the combined effects of ox-
ygen production and nutrient byproduct utilization create a synergistic
interaction that enhances the overall system efficiency (Janpum et al.,
2022; Li et al., 2024). Two primary co-cultivation methods exist: sus-
pension and immobilization systems. Suspension systems are commonly
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utilized, which maintain microorganisms freely suspended in waste-
water, offering simplicity in design and operation and high surface area
for pollutant interaction (Caldwell et al., 2021; Janpum et al., 2022).
However, they are prone to significant cell washout, high risk of
contamination, and high energy requirements for biomass harvesting
(Janpum et al., 2022). In contrast, immobilization systems attach or
entrap microorganisms within a solid support matrix, offering advan-
tages such as increased cell density, enhanced treatment efficiency,
protecting cells from undesirable microorganisms, and reduced washout
(Caldwell et al., 2021; Janpum et al., 2022).

Biocomposite or biofilter technology provides a sustainable and
efficient approach to wastewater treatment by utilizing immobilized
microorganisms (Janpum et al., 2022; Odibo et al., 2024). This method
employs an immobilization technique where microorganisms are
embedded within a binder or hydrogel matrix, which is then adhered to
a support material. Odibo et al. (2024) conducted a comparative study
between immobilized and suspended microbial systems, finding that
immobilization significantly enhanced treatment efficiency. However,
their binder formulation lacked optimization, leading to insufficient
durability during wastewater treatment applications. This highlights the
necessity for further refinement of hydrogel materials to improve me-
chanical strength and longevity under operational conditions. The
binder or hydrogel matrix, often a natural or synthetic polymer, opti-
mizes pollutant removal and prevents cell washout (Bouabidi et al.,
2019). This approach offers a robust and potentially cost-effective so-
lution for advanced wastewater treatment. Realizing the full potential of
this biological approach requires careful optimization of the cultivation
environment and the immobilization of these microorganisms within a
suitable binder matrix.

Hydrogels, three-dimensional polymeric networks capable of
absorbing substantial amounts of water, provide an ideal scaffold for
microbial growth and activity in bioremediation applications (Van Tran
et al., 2018). Their porous structure significantly increases the surface
area for microbial interaction with wastewater, enhancing nutrient
adsorption and pollutant removal, while immobilization within a
hydrogel matrix further improves system stability by retaining biomass
(Bouabidi et al., 2019). A wide variety of biopolymers, each offering
unique properties, can be used to create these hydrogels, including
alginate (a biocompatible polysaccharide from brown seaweeds with
excellent gelation properties), cellulose (a renewable, biodegradable
polysaccharide from plant cell walls, notable for its mechanical strength
and ability to form hydrogels), guar gum (a galactomannan poly-
saccharide from guar beans with high viscosity and water retention),
and carrageenan (a sulfated polysaccharide from red seaweed known for
its gelling properties and biocompatibility) (Wong, 2018). The selection
of the appropriate biopolymer and the optimization of the hydrogel
formulation are crucial for maximizing biofilter performance, with
biocompatibility, mechanical strength, porosity, and cost-effectiveness
all playing significant roles (Rando et al., 2024).

Guar gum-based hydrogels, in particular, have been attracting
considerable attention not only for their effective pollutant adsorption
and structural properties, but also for their versatility as biopolymers in
biological systems and bioremediation techniques. Their inherent
biocompatibility and biodegradability make them suitable for applica-
tions ranging from pollutant adsorption to tissue scaffolding and mi-
crobial encapsulation. For example, Caldera-Villalobos et al. (2021) and
(2022) developed composite hydrogels based on collagen/guar gum
incorporated with metal-organic frameworks (MOFs), demonstrating
high efficiency in water pollutant removal while also optimizing their
biocompatibility for potential applications in both bioremediation and
tissue engineering. Furthermore, semi-interpenetrating polymer net-
works (semi-IPNs) formed from collagen and guar gum have demon-
strated significant potential in both biomedical and wastewater
treatment applications (Lopez Martinez et al., 2022a; Lopéz Martinez
et al., 2022b). Notably, carboxymethylated guar gum hydrogels have
shown enhanced dye adsorption performance, further supporting their
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suitability for environmental remediation (Yousry et al., 2025).

Moreover, carrageenan, a sulfated polysaccharide extracted pri-
marily from red seaweeds, has been extensively recognized for its
unique physicochemical properties contributing to hydrogel formation
(Mirzaei et al., 2023). The presence of sulfate ester groups facilitates
ionic cross-linking, enhancing gel strength and structural integrity,
making it suitable for applications in pollutant adsorption and
controlled release systems (Mirzaei et al., 2023). Furthermore, carra-
geenan hydrogels have demonstrated effective removal of contaminants
from pharmaceutical wastewater, highlighting their potential in envi-
ronmental remediation applications (Afzaal et al., 2024). Its biocom-
patibility and biodegradability make it suitable for applications ranging
from environmental remediation to drug delivery (Sayed et al., 2023).
Additionally, the mechanical resilience of carrageenan-based hydrogels
under varied environmental conditions justifies their selection in
pollutant adsorption technologies (Aboelkhir et al., 2024). These studies
and properties collectively emphasize the eco-friendly, biocompatible,
and tunable nature of guar gum and carrageenan for applications in
sustainable wastewater remediation. Despite the advances in waste-
water treatment using microalgae and bacteria using hydrogels, chal-
lenges persist, particularly in balancing the hydrogels with desired
properties such as strength, cell viability, and nutrient/water uptake.

Further research is needed to optimize hydrogel formulations
tailored to specific industrial wastewater characteristics and to deter-
mine optimal co-culture ratios of microalgae and bacteria. The ratio of
these microorganisms is a critical factor that directly influences the ef-
ficiency of nutrient uptake, organic matter degradation, and system
stability (Nagabalaji et al., 2023). An imbalanced ratio may lead to
competition for resources, which can compromise treatment perfor-
mance and biomass productivity. Optimizing the co-culture ratio en-
sures a synergistic relationship, where bacteria degrade complex organic
compounds into bioavailable nutrients and microalgae contribute oxy-
gen through photosynthesis (Janpum et al., 2022), enhancing overall
biofilter efficiency in the real environment.

This research focuses on developing a novel hydrogel-based living
biofilter using co-immobilized Chlorella sp. and Bacillus subtilis TISTR
1415. The study will thoroughly evaluate suitable hydrogel formulation
to achieve an optimized biofilter system for treating real secondary
effluent (i.e, tertiary treatment) from the vegetable oil industry, which
was selected because it contains high levels of nutrients, particularly N
and P, as well as organic matter, which are challenging to remove
through conventional treatment processes. The system’s performance
will be assessed by evaluating nutrient removal efficiencies (N, P, COD),
analyzing the impact of varying microalgae-to-bacteria ratios, and
quantifying the biofilter’s efficiency under real effluent conditions. It is
hypothesized that: (1) hydrogel formulations with biological compati-
bility will enhance microbial viability and activity; (2) co-immobilized
consortia at optimized ratios will yield significantly higher nutrient
removal than monocultures; and (3) the hydrogel-based biofilter will
maintain structural stability and removal efficiency over time, demon-
strating its potential as a sustainable tertiary treatment strategy for in-
dustrial wastewater.

2. Materials and methods
2.1. Microorganism cultivation

Chlorella sp. (CS), purchased from a local algae farmer in Bangkok,
Thailand, was selected for its well-documented ability to efficiently
uptake nutrients and tolerate varying wastewater conditions (Adhithya
et al., 2025). Bacillus subtilis TISTR 1415 (BS), a plant growth-promoting
bacterium obtained from the Thailand Institute of Scientific and Tech-
nological Research (TISTR), was chosen for its proven capacity to
degrade organic pollutants and enhance system stability (Wang et al.,
2025). CS was cultivated in 1 L of sterilized Blue-Green medium (BG-11)
containing the following concentrations (per liter): NaNos 1500 mg,
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KoHPO4 40 mg, MgS04-7H20 75 mg, CaCly-2H50 36 mg, citric acid 6
mg, ferric ammonium citrate 6 mg, EDTANay 1 mg, NayCO3 20 mg,
H3BO3 2.86 mg, MnCly-4H,O 1.81 mg, ZnSO47H30 0.22 mg,
NapyMoO4-2H20 0.39 mg, CuSO4-5H20 0.08 mg, and Co(NOs3)2-6H0
0.05 mg. The culture was contained in a conical flask at 25 + 2 °C under
2,000 Ix illumination (LED white lights) with a 12:12 h light-dark cycle
for 14 days, maintaining an air flow rate of 0.1 vvm to enhance growth.
BS was initially cultured on nutrient agar plates at 37 °C. For inoculum
preparation, a 250 mL culture in nutrient broth liquid medium (beef
extract 3 g~L'1 and peptone 5 g~L'1) was grown in a 500 mL Erlenmeyer
flask on an incubator shaker (200 rpm, 37 °C) for 2 days.

2.2. Hydrogel preparation

Guar gum (GG) and carrageenan (CG), both food-grade (food addi-
tive) biopolymers with molecular weights of 535 g-mol ™! and 788 g-mol’
1, respectively, were purchased from Bangkok Chemical Co., Ltd.,
Thailand. Hydrogels were prepared using both GG and CG as bio-based
binders, and potassium chloride (KCl) as a crosslinking agent. A 15 mM
mixture of GG and CG in deionized (DI) water was prepared by dis-
solving the respective polymers in heat-sterilized DI water (60-70 °C)
under continuous stirring with an overhead stirrer at 1200 rpm until a
homogeneous mixture was achieved. Different concentrations of KCIl
solution (0.1, 0.3, 0.5, and 1.0 M) were then added to the GG/CG
mixture as crosslinking agents to produce five distinct hydrogel formu-
lations (GG/CG (control hydrogel), GG/CG_0.1KCl, GG/CG_0.3KCl, GG/
CG_0.5KCl, and GG/CG_1.0KCl). The mixtures were heated to 80-90 °C
to facilitate crosslinking and then cast as thin films in silicone trays.
After casting the film, the hydrogel was allowed to set at 25 + 2 °C and
subsequently washed with DI water until a neutral pH was achieved. The
films were then allowed to dry completely at 40 + 2 °C overnight before
being used in the subsequent steps (solubility and water uptake tests).

2.3. Living biofilter production and cell immobilization

Living biofilters were constructed using a three-step process. First,
cotton fabrics, a natural biodegradable fiber with good biocompatibility,
were cut into 8 x 4 cm? as a support material, sterilized by autoclaving
at 121 °C for 15 min, and then dried at 105 + 2 °C for 3 h and stored in a
silica gel desiccator until use. Second, CS and BS were mixed using a
vortex mixer for 1-2 min at various ratios (Table 1), representing
monocultures and co-cultures with different proportions (1:0, 0:1, 3:1,
1:1, and 1:3). The mixtures were then harvested by centrifugation at
4,000 rpm for 15 min. Third, the cell pastes (either mono- or co-cultures)
were thoroughly mixed with the five hydrogel formulations using an
overhead stirrer (as described in Section 2.2) at 250 rpm and 30 + 2 °C
until a homogeneous mixture was obtained. This mixture (15 mL) was
then carefully coated onto the prepared cotton fabric and allowed to dry
at 25 + 2 °C, solidifying the hydrogel and immobilizing the cells to
produce the living biofilters (See the schematic diagram of biofilters in
Fig. 1). This preparation was modified from In-na et al. (2020) and

Table 1
The mixing ratios between microalgae and bacteria.
Culture Microalgae to Chlorella sp. B. subtilis (BS) ~ Named
bacteria ratios (CS) (x 108
(x 10® CFU-mL™)
cell.-mL™)
Monoculture 1:0 1 - 1:0CS
0:1 - 0:1 BS
Co-culture 31 3 1 3:1Cs/
BS
1:1 1 1 1:1 CS/
BS
1:3 1 3 1:3Cs/
BS
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LED white light
Light intensity 2,000 Ix
12:12 h dark/light cycle

0 Chlorella sp. a B. subtilis
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> Crosslinked GG/CG hydrogel

as a support material

Side view

Fig. 1. Schematic diagram of the effluent treatment setup and the guar gum/carrageenan-based biofilter design; N represents nitrogen (as ammonium, NHZ) and P

represents phosphorus (as phosphate, PO3~) present in the effluent.

QOdibo et al. (2024).

2.4. Hydrogel characterization

2.4.1. Hydrogel solubility and water uptake tests

Five different hydrogel formulations were prepared and character-
ized to assess their solubility and water uptake capacity. For the solu-
bility test, the hydrogel films (1.5 x 3 cm?) were weighed to determine
their initial dry weight (W;). The samples were then immersed in 100 mL
of DI water and continuously stirred using a magnetic stirrer at 100 rpm
and 25 + 2 °C for 24 h. Afterward, the insoluble residue was filtered,
dried, and weighed to obtain the final dry weight (Wp). The percent
solubility was calculated according to equation (1) (Rahman et al.,
2021). For the water uptake test, the hydrogel films (3 x 3 cm?) were
weighed to determine their initial dry weight (W4). The samples were
immersed in 50 mL of DI water (without stirring) in a beaker at 25 +
2 °C. At predetermined time intervals (1, 24, 48, and 72 h), the samples
were removed, excess surface water was carefully blotted, and the
swollen weight (W;) was measured. The percentage of water uptake was
calculated using equation (2) (Rahman et al., 2021). All measurements
were performed in triplicate (n = 3) for each hydrogel formulation.

Solubility (%) = (W; - W;) x 100 / W, )}
Water uptake (%) = (W; — Wy4) x 100 / Wq 2)

2.4.2. Hydrogel adhesion and cytotoxicity tests

This experiment was modified from Komkhum et al. (2025). To
assess cell adhesion, biofilter samples (prepared with each hydrogel
formulation) were subjected to a cell release assay. Biofilter samples (1
x 1 cm?) with each hydrogel formulation were tested in triplicate (n =
3) and placed in an individual well of a 12-well plate containing 2 mL of
sterilized DI water. The plates were incubated on an orbital shaker at 80
rpm in the dark at 25 + 2 °C. The DI water was replaced with fresh DI
water every 1, 24, 48, and 72 h. At each time point, an aliquot of the
supernatant from each well was carefully removed and analyzed for cell
density using hemocytometer cell counting. The initial cell density (Nj,)
was determined from the same biofilter preparation before the cell
release experiment using the same counting method. The percentage of
cell release at each time point was calculated according to equation (3),

where R; represents the number of cells released (cells-mL’l) at a given
time point.

The cytotoxicity of the different hydrogel formulations was assessed
using a cell viability assay based on optical density (OD) measurements.
A mixed cell paste of CS and BS was harvested by centrifugation at
4,000 rpm for 15 min. One milliliter of this cell paste was then added to
each well of a 12-well plate, along with 1 mL of each hydrogel formu-
lation (n = 3 replicates per formulation). The plate was incubated at 25

+ 2 °C for 7 days under a 12:12 h light/dark cycle. The OD at 750 nm

was measured using a UV-Vis spectrophotometer at the initial (day 0)
and final (day 7) of the cytotoxicity test; digital images were also
recorded. The percentage of cell viability was calculated according to
equation (4), where OD; and ODy represent the optical density at the
beginning and end of the experiment, respectively, and ODp, represents
the optical density of a well containing only the relevant hydrogel
formulation (without cells).

Cells released (%) = R; x 100 / Ny, 3
Cell viability (%) = (OD; — OD;) x 100 / (OD; — ODy) 4

2.4.3. FTIR-ATR and SEM analyses

Fourier Transform Infrared spectroscopy with Attenuated Total
Reflectance (FTIR-ATR) analysis was employed to confirm the presence
of crosslinking bonds and characterize the functional groups of the five
hydrogel formulations (GG/CG, GG/CG_0.1KCl, GG/CG_0.3KCl, GG/
CG_0.5KCl, and GG/CG_1.0KCl). FTIR-ATR spectra were acquired using
a Nicolet iS5-iD7 (Thermo Scientific, USA), equipped with a diamond
crystal ATR accessory. Hydrogel films (1 x 1 cm?) were dried in a
vacuum oven at 60 £ 2 °C under —0.1 MPa and then analyzed. For each
formulation, at least three replicate spectra were collected at different
locations on the film to ensure representative sampling.

The surface morphology of the samples was examined using a
scanning electron microscope (SEM), model JEOL JSM-5410LV, oper-
ated in low vacuum mode at an accelerating voltage of 20 kV. Imaging
was performed at different magnifications to evaluate surface features,
porosity, and structural uniformity. Prior to the SEM analysis, the
samples (1 x 1 cm?), including cotton fabrics coated with GG/CG
hydrogels, were prepared using various concentrations of KCl, as well as
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biofilter samples in which microorganisms were immobilized within the
GG/CG hydrogel matrix on cotton fabrics. Biofilter samples were
collected both before and after effluent treatment trails. The dried
samples were then mounted on aluminum stubs using carbon adhesive
tape and sputter-coated with a thin layer of gold to enhance electrical
conductivity and image resolution.

2.5. Decision matrix for suitable condition selectivity

The optimal hydrogel formulation of biofilter production for effluent
treatment was determined using a weighted decision matrix (Kosky
et al., 2021). Four key parameters were considered, each with a
maximum score of 25 points. The first parameter, hydrogel solubility
score (V), requires hydrogel to be less soluble. The second parameter,
water uptake score (Vy), assesses the hydrogel’s ability to absorb water
at a moderate level between 8 and 10 g of water per gram of dry
hydrogel (800-1000 % swelling), as excessive absorption may cause the
gel to break easily, while insufficient absorption could hinder nutrient
uptake. The third parameter, cell adhesion score (V3), measures how
well cells adhered to the hydrogel matrix, with higher adhesion being
preferable. The last parameter, cell viability score (V4), evaluates the
survival rate of cells, where a higher viability value was desired. Each
parameter was assigned equal weight (25 %) in the decision matrix, and
their respective scores were calculated using equations (5)-(8). The total
selective score (maximum 100 points) was calculated as the sum of the
weighted scores for each parameter using equation (9). The hydrogel
formulation with the highest total score was selected as the optimal
formulation for effluent treatment trials.

Hydrogel solubility score (V1) = (100 - X,;) x 0.25 (5)
[ X —Xiw| x 100

Water uptake score (Vy) =25 — W x 0.25 6)

Cell adhesion score (V3) = (100 - X,;) x 0.25 @

Cell viability score (V4) = (X,; X 100 / Xymax) % 0.25 8
4

Total selective score = Z (Vi) (&)
i=1

Where X;; is the percentage of solubility for each hydrogel formulation,
X, is the percentage of water uptake for each hydrogel formulation, X,,
is the average percentage of water uptake across all hydrogel formula-
tions, X,; is the percentage of cell released for each hydrogel formula-
tion, X, ; is the percentage of cell viability for each hydrogel formulation,
and V; represents the score for each parameter.

2.6. Effluent treatment tests

Effluent treatment experiments were conducted using secondary
effluent from Patum Vegetable Oil Company, Ltd., Pathum Thani,
Thailand, which had undergone reverse osmosis treatment at the fac-
tory. The effluent, stored at 4 °C in a refrigerator before use, had its

Table 2
Characteristics of the autoclaved secondary effluent.

Composition Initial concentration

7.57 + 0.25 mg-L?
386.67 + 5.77 mg-L!
28.07 + 1.16 mg-L!
22.83 + 1.32 mg.L!

Ammonium (NHJ)
Phosphate (PO3 ")
Total carbon (TC)
Inorganic carbon (IC)

COD 311.00 + 6.56 mg-L!
DO 4.55 + 0.27 mg-L!
pH 7.90 + 0.03
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initial nutrient composition detailed in Table 2. To ensure that only the
introduced microorganisms (CS and BS) contribute to the nutrient
removal process and to prevent interference from native microorgan-
isms or pathogens present in the effluent, the effluent was autoclaved
before use in the experiment. Living biofilters (8 x 4 cm?), prepared as
described in Section 2.3, containing different ratios of CS and BS, were
submerged in 50 mL of autoclaved effluent (working volume) for each
experimental run (n = 3) within 120 mL of sealed glass containers. In the
experiment, a biofilter without mixed microorganisms served as a con-
trol condition. Experiments were conducted under batch conditions in a
closed system for 7 days at 25 + 2 °C, with a 12:12 h light/dark cycle
and continuous shaking at 40 rpm on an orbital shaker, with 2000 Ix of
illumination provided by white light LED panel (Fig. 1). Following the 7-
day incubation period, samples were collected to determine the
remaining concentrations of ammonium (NHJ), phosphate (PO%’), and
COD, as well as pH and dissolved oxygen (DO) concentration during
effluent treatment trials. NHf and PO3~ concentrations were deter-
mined using the ASTM manual of water and environmental technology
D1426-92 (Nessler Method) and standard methods for the examination
of water and effluent (Amino Acid Method), respectively, employing
HI733 and HI717 Checker® HC (Hanna Instruments, Inc., USA) for
analysis. The COD of the effluent samples was determined using a Hanna
Instruments HI97106 COD meter, following an adaptation of the US EPA
method 410.4 for surface and effluent COD analysis. The pH and DO
levels were measured using a portable EC900 AMTAST meter kit (Pro-
tronics Co., Ltd., Thailand). Nutrient (NHJ and PO?;’) and COD removal
efficiencies, and nutrient absorption rates, were calculated using equa-
tions (10) and (11), where C; and Cs represent the initial and final con-
centrations (mng'l) of the nutrient (NHj and PO%’) or COD,
respectively; V is the working effluent volume (L); t is the treatment time
(day); and g is the initial biomass dry weight (8biomass)-

Removal efficiency (%) = (C; - C;) x 100 / C; 10)

Nutrient absorption rate (mg-day ' - gy ..) = (Ci—Cf) xV / tx g
an

2.7. Statistical analysis

Statistical analysis was performed using the Real Statistics Resource
Pack, an extension for Microsoft Excel. For data exhibiting normal dis-
tribution, as confirmed by Shapiro-Wilk tests, one-way analysis of
variance (ANOVA) and Tukey’s HSD post-hoc test were used to evaluate
significant differences among treatment groups. The Kruskal-Wallis test,
followed by pairwise Mann-Whitney U tests, was used for non-normally
distributed data. Differences were considered statistically significant at
D < 0.05. Results were expressed as the mean + standard deviation.

3. Results and discussion
3.1. Characterization of GG/CG hydrogels

3.1.1. Hydrogel solubility

The solubility assessment of hydrogels formulated with GG and CG,
crosslinked using varying concentrations of KCl, reveals a clear inverse
relationship between KCl concentration and hydrogel solubility
(Fig. 2a). The control hydrogel (GG/CG, without KCl) exhibited the
highest solubility (71.31 + 3.78 %), reflecting a less crosslinked and less
structurally robust network. The addition of KCl, which acted as a
crosslinking agent, significantly decreased the solubility, with values of
48.01 + 2.67 % (GG/CG_0.1KCl), 39.88 + 2.33 % (GG/CG_0.3KCD),
35.81 + 2.39 % (GG/CG_0.5KCl), and 16.47 + 7.06 % (GG/CG_1.0KCD),
(ANOVA: F (4,10) = 107.57, p < 0.05). The photographs of the hydro-
gels further support these findings (Fig. 2b). The GG/CG hydrogel ap-
pears more dissolved and less structurally intact than the other
formulations. As the KCI concentration increases, the hydrogels can
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Fig. 2. Hydrogel characterization of GG/CG hydrogels with different KCI concentrations, including (a) The percentage solubility, which differed significantly (p <
0.05, ANOVA, Tukey’s post hoc test) and are denoted by different lowercase letters, (b) photographs of hydrogel characteristics after 1 and 24 h of underwater stirring,
(c) the percentage water uptake at various time points over 72 h, which differed significantly (p < 0.05, ANOVA, Tukey’s post hoc test) and are denoted by different
capital letters, columns for time points (1, 24, 48, and 72 h), and lowercase letters, columns for incubation times (1 vs 24 vs 48 vs 72 h), and (d) photographs of

hydrogel swelling characteristics after 1 and 72 h of water immersion.

improve structural integrity, appearing less swollen, more solid, and less
prone to disintegration in water. This visual observation was consistent
with the solubility data, confirming the successful crosslinking of the
hydrogel network by KCl. From a physicochemical perspective (Fig. 4),
KCl-induced crosslinking in this study exemplifies ionic physical cross-
linking, wherein potassium ions (KH electrostatically interact with
sulfate groups on the polysaccharide chains of CG (Fig. 4b) (Mirzaei
et al., 2023; Rhein-Knudsen et al., 2015). These interactions facilitate
the formation of ionic bridges between polymer chains, effectively
increasing the density of crosslinking points within the hydrogel matrix
(Rhein-Knudsen et al., 2015). The enhanced crosslinking density pro-
motes tighter packing of the biopolymer chains (Fig. 4a), thereby
restricting chain mobility and hindering water penetration. Conse-
quently, this structural compaction reduces both the swelling capacity
and solubility of the hydrogel in aqueous environments, particularly at
higher KCl concentrations (Mirzaei et al., 2023). Similar behavior had
been reported in the literature. For example, Lei et al. (2022) investi-
gated the effects of CG and GG on the rheological and microstructural
properties of phycocyanin gels and observed that the addition of these
polysaccharides reinforces the network structure and reduces sensitivity
to deformation. Although their study focused on rheological properties,
the underlying mechanism of enhanced crosslinking was analogous to
this finding, in which KCl strengthened the network via ionic

interactions with CG, thereby reducing solubility (Lei et al., 2022).
Furthermore, research work on GG-based hydrogels for agricultural
applications has been shown that increased crosslinker (or salt) con-
centrations reduce swelling capacity and solubility, leading to improved
structural integrity—a trend similar to our results. Abdel-Raouf (2019)
reviewed GG-based hydrogels and noted that enhanced crosslinking (via
chemical or ionic agents) results in lower solubility and better water
retention, which can be beneficial for controlled release applications.

3.1.2. Hydrogel water uptake

The water uptake data reveal a significant inverse relationship be-
tween KCI concentration and the hydrogel’s water absorption capacity.
The control hydrogel (GG/CG) showed the highest water absorption at
all time points (1 h, 24 h, 48 h, and 72 h), reaching 1,477.09 + 77.70 %
after 72 h (Fig. 2¢). The addition of KCl, which acted as a crosslinking
agent, resulted in a significant decrease in water absorption at all time
points, with the water uptake values after 72 h being 1,220.43 + 204.89
%, 1,005.20 + 222.73 %, 762.44 + 101.88 %, and 552.38 + 156.49 %
for the formulations GG/CG_0.1KCl, GG/CG_0.3KCl, GG/CG_0.5KCl, and
GG/CG_1.0KCl, (ANOVA: F (4,10) = 12.76, p < 0.05), respectively.
These values showed a progressive decrease in water uptake, indicating
that the structure became more compact and less porous with increasing
KCl concentration (see Fig. 5). The initial rapid water uptake in the first
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hour also reflects this trend, further supporting the hypothesis that KCl
crosslinking reduces the hydrogel’s ability to swell. Fig. 2d illustrates the
significant increase in hydrogel thickness after immersion in water for
72 h compared to the initial state. The numerical data indicated by "T"
represent the swelling ratio, calculated as the thickness at 72 h relative
to the initial thickness of the dried hydrogel (Fig. 2d). The control
hydrogel (GG/CG), which was prepared without KCl crosslinks,
exhibited the highest degree of swelling (40X), indicating the presence
of a loosely organized and highly porous polymer network with suffi-
cient space to facilitate the easy penetration and retention of water
molecules within the gel matrix. This reduction in water absorption is
attributed to the increased number of ionic crosslinking points formed
via electrostatic interactions between K" and the sulfate groups in the
polysaccharide chains of CG, which induces matrix contraction (Mirzaei
et al., 2023; Rhein-Knudsen et al., 2015). As a result, the polymer
network becomes denser and less capable of absorbing and retaining
water molecules. As the KCl concentration increased, the hydrogel
structure became more compact and the swelling degree decreased,
especially the GG/CG_1.0KCl hydrogel displayed the lowest swelling
(12X). This trend was consistent with previous reports in the literature.
For example, Wu et al. (2009) have demonstrated that a higher cross-
linking density leads to a more compact polymer network that restricts
chain mobility and limits water diffusion, resulting in lower swelling
ratios. Similarly, research on cellulose-based hydrogels has reported that
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enhanced crosslinking, whether via chemical or ionic means, diminishes
the network’s porosity and water absorption capacity (Nasution et al.,
2022). Moreover, research focusing on CG hydrogels crosslinked with
KCl has revealed that while crosslinking enhances mechanical strength,
it concurrently reduces water uptake capacity (Markale et al., 2023).
This was attributed to the formation of a more compact and less porous
structure, which limited the hydrogel’s swelling ability (Markale et al.,
2023). These findings were consistent with the current experiment,
where increasing KCl concentrations led to a denser network and
reduced water absorption.

3.1.3. Hydrogel adhesion

The cells released assay results reveal a correlation between KCl
concentration in the hydrogel and the degree of cell adhesion. The
control hydrogel (GG/CG, without KCI) exhibited the highest cells
released at all time points (1 h, 24 h, 48 h, and 72 h), reaching 25.64 +
2.36 % after 72 h (Fig. 3a). Conversely, increasing KCl concentration
resulted in a significant decrease in cells released, suggesting enhanced
cell adhesion, with hydrogels containing 0.1 M, 0.3 M, 0.5 M, and 1.0 M
KCl showing progressively lower cells released percentages (17.95 +
1.41 %, 13.62 + 0.97 %, 7.29 + 1.32 %, and 4.58 + 1.27 %, respec-
tively, at 72 h), (ANOVA: F(4,10) = 90.09, p < 0.05), indicating that KCl
effectively strengthens cell attachment to the hydrogel matrix. This
enhanced cell adhesion was likely attributed to the increased
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Fig. 3. Evaluation of hydrogel formulations of GG/CG hydrogels with different KCl concentrations for cell immobilization, including (a) the percentage cell released
at various time points over 72 h, which differed significantly (p < 0.05, ANOVA, Tukey’s post hoc test) and are denoted by different capital letters, columns for time
points (1, 24, 48, and 72 h), and lowercase letters, columns for incubation times (1 vs 24 vs 48 vs 72 h), (b) the percentage cell viability after 7 days, which differed
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Fig. 4. Mechanism of hydrogel crosslinking and structural analysis, including (a) the schematic stages of the hydrogel crosslinking process and gelation mechanism
(reference from (Wong, 2018)), (b) the crosslink mechanism of GG and CG in the presence of K™ ions (reference from (Rhein-Knudsen et al., 2015)), (c) FTIR spectra

of GG, CG, GG/CG, and crosslinked GG/CG with different KCl concentrations.

crosslinking density within the hydrogel network induced by KCl (Ji
et al., 2023). The gradual increase in the number of cells released over
time (from 1 h to 72 h), observed for all formulations, suggests a
time-dependent detachment process. At first, the cell-hydrogel with
strong bonds released cells slowly, but over time, more cells were
released, possibly because some of the hydrogels were water-soluble,
according to the results of hydrogel solubility. The findings suggested
that the crosslinked hydrogel played an important role in enhancing cell
retention within the hydrogel, which was essential for maintaining the
effectiveness and stability of the biofilter (Princen et al., 2023). The
increased crosslinking zones reduce the hydrogel’s mesh size and alter
its porosity (see Fig. 5), creating greater molecular entanglement
(Croitoru et al., 2020). These structural changes hinder the diffusion of
cells and solutes, slowing the release of encapsulated cells (Croitoru
et al., 2020). As a result, the denser network produced at high KCl leads
to improved microbial immobilization efficiency and biofilter stability
by retaining cells more effectively within the matrix. Our findings were
in line with several published studies that demonstrated the pivotal role
of crosslinking density in modulating cell-matrix interactions. For
instance, Caliari and Burdick (2016) reported that alginate hydrogels
crosslinked with cations like calcium have demonstrated improved cell
encapsulation and retention due to the formation of stable ionic bridges
between polymer chains. Similarly, Nicodemus and Bryant (2008)
investigated chitosan-based hydrogels and demonstrated that higher
degrees of deacetylation, leading to increased crosslinking, result in
slower degradation rates and improved cell adhesion due to enhanced
hydrophobic interactions. Additionally, higher crosslinking densities
result in smaller mesh sizes within the hydrogel network, potentially
hindering cell migration and detachment (Solbu et al., 2023).

3.1.4. Hydrogel cytotoxicity
The bar graphs illustrating the percentage of cell viability in GG/CG
hydrogels at varying KCI concentrations are presented in Fig. 3b. The

cell viability test results indicated a negative correlation between the
KCl concentration in the hydrogels and the viability of the CS/BS co-
cultures, which may indicate the possible cell-damaging effect of KCl.
The results showed a clear trend of significantly decreased cell viability
with increased KCl concentration, (ANOVA: F(4,10) = 25.63, p < 0.05).
The control hydrogel (GG/CG, without KCl) exhibited the highest cell
viability (135.91 + 10.23 %), exceeding 100 %, which indicated that
cell growth exceeded the initial inoculum. The GG/CG_0.1KCl formula
showed a viability of 122.77 + 14.81 %, which still indicated growth.
However, viability progressively decreased to 95.87 + 9.20 % (0.3M
KCl), 85.79 + 8.84 % (0.5M KCl), and 58.81 + 7.62 % (1.0M KCl),
indicating an increase in cell death with higher KCl concentrations. The
photographs of the hydrogels further support these findings (Fig. 3d).
The control hydrogel (GG/CG) showed the highest green color intensity
on day 7 (RGB = 76.13), which aligned with the highest cell viability
percentage (135.91 + 10.23 %). The color intensity remained relatively
high in the GG/CG_0.1KCl formulation (RGB = 82.51), which was
consistent with the high cell viability (122.77 + 14.81 %). In contrast, as
the KCl concentration increased, the green color intensity decreased
significantly (RGB = 97.27 for GG/CG_0.3KCl, RGB = 113.97 for GG/
CG_0.5KCl, and RGB = 122.73 for GG/CG_1.0KCl), which possibly
indicated a reduction in cell density and correlated with the decreased
percentage of viability observed in the cell viability assay. The observed
decrease in green color with increasing KCl concentration provided vi-
sual confirmation of the cytotoxic effects of KCl on the CS/BS co-culture,
reinforcing the conclusions drawn from the OD-based cell viability
assay. The observed increase in cytotoxicity at higher KCI concentra-
tions may be attributed to reduced matrix porosity from enhanced ionic
physical crosslinking, which may restrict nutrient transport to encap-
sulated cells, reduce their metabolic activity, and influence cell viability
(Guan et al., 2017). This restricted diffusion can lower cellular metabolic
activity and viability, emphasizing that high crosslinking density affects
the biocompatibility of the hydrogels (Guan et al., 2017). The observed
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Fig. 5. SEM images of GG/CG hydrogels coated on cotton fabric under varying crosslinking conditions: (a) non-crosslinked, (b) crosslinked with 0.3 M KCl, and (c)
crosslinked with 1.0 M KCl. SEM images of biofilter samples containing co-immobilized Chlorella sp. and B. subtilis in GG/CG hydrogels crosslinked with 0.3 M KCl:

(d) before (day 0), and (e) after effluent treatment trials (day 7).

inverse relationship between KCI concentration in hydrogels and cell
viability aligns with findings from recent studies examining the cyto-
toxic effects of ionic-crosslinked hydrogels. For example, Wood et al.
(2025) demonstrated that increasing calcium chloride (CaCly) concen-
trations, crosslinking agent, resulted in a decline in cell viability sug-
gesting that higher ionic concentrations could induce cytotoxicity
within crosslinked hydrogels. This aligns with our results, where higher
concentrations of KCl in the hydrogel led to a significant decrease in the
viability of CS/BS co-culture. Both studies demonstrated that the pres-
ence of specific ions in hydrogels, whether KCl or CaCly, enhanced the
crosslinking density and mechanical properties of the hydrogel matrix.
However, this improvement came at the cost of cytotoxicity, as higher
ionic concentrations impaired cell viability.

After solubility, water uptake, adhesion, and cytotoxicity tests were

achieved for each hydrogel formulation, the decision matrix (Fig. 3c)
was used to select the optimal hydrogel formulation for producing co-
immobilized microalgal-bacterial biofilters for effluent treatment tests.
The results showed that GG/CG crosslinked with KCI at a concentration
of 0.3 M received the highest overall score because this KCl concentra-
tion was not too toxic to the cells and still had sufficient adhesion ca-
pacity, while also maintaining water absorption capacity and water
solubility at levels that were not too high, making it stable enough to be
used in effluent treatment trials.

3.2. Effect of crosslinking on the stability of hydrogels

Fig. 4a illustrates a three-stage schematic of the hydrogel cross-
linking process and gelation mechanism (Wong, 2018). Initially, the GG
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and CG polymers exist as individual, randomly coiled chains in solution
(random coil stage). Upon the addition of a crosslinking agent like KCI,
the negatively charged groups on polymer chains interact with K*. This
electrostatic interaction facilitates the formation of double-stranded
helical structures between the polymer chains (double-stranded helix
formation stage). Further aggregation of these helices occurs through
additional inter- and intra-molecular interactions, forming a
three-dimensional network (aggregation of helices). This intricate
network structure physically traps the solvent molecules, resulting in
hydrogel formation.

The gelation mechanism of a GG and CG mixture in the presence of
K" results from a combination of ionic and hydrogen bonding in-
teractions (Fig. 4b). The primary crosslinking mechanism, particularly
in CG, involves ionic interactions between K" and the negatively
charged sulfate ester groups (—OSOj3) located along the CG polymer
backbone (Mirzaei et al., 2023; Rhein-Knudsen et al., 2015). These
sulfate groups exhibit a affinity for K™, forming stable ionic bonds (salt
bridges) (Rhein-Knudsen et al., 2015). GG, a galactomannan poly-
saccharide, contains hydroxyl (—OH) groups that facilitate hydrogen
bonding, thereby contributing to the network structure and stability of
hydrogels (Wang et al., 2023). However, the primary crosslinking in-
teractions occurred with the sulfate groups present in CG. Higher K™
concentrations led to denser networks with increased ionic crosslinking,
as evidenced by lower water uptake and reduced solubility, which in-
dicates a more compact structure that restricts water diffusion into the
hydrogel matrix. Conversely, lower K' concentrations resulted in
weaker, more soluble hydrogels with enhanced water absorption, as
indicated by water uptake and solubility tests.

The FTIR spectra of crosslinked GG/CG hydrogel with KCl are pre-
sented in Fig. 4c and summarized in Table 3 to identify the various
functional groups and structural interaction present on them. The peak
in the higher wavenumber region, around 3340 cm™, indicated the
stretching vibration of hydroxyl groups (-OH) present in both GG and
CG, while the band at 2914 cm™ represented the C-H stretching vibra-
tion mode (Nandal et al., 2025). These hydroxyl group peaks might have
been related to hydrogen bonding, which contributed to the overall
structure of the hydrogel, or possibly to the residual moisture in the
sample before analysis. The band around 1600-1700 cm (C=0
stretching) and the bands around 1420-1370 cm™ (C-H bending) were
characteristic of CC and GG (Lei et al., 2022) and showed minor in-
tensity changes with KCI addition. Specifically, the bands around 1230
cm™? (asymmetric stretching) and 1024 cm™? (symmetric stretching) of
the sulfate group (-SO3) in CG (Markale et al., 2023; Nandal et al., 2025)
showed peak intensity changes with increasing KCl concentration,
which might have indicated the interaction between K and sulfate
groups. The variations in these band intensities observed with increasing
KCl concentration further supported the formation of crosslinks within
the hydrogel structure, involving both hydrogen bonding with hydroxyl
groups and K™ ionic interactions with sulfate groups.

The SEM images (Fig. 5a—c) illustrate the effects of increasing KCI

Table 3
FTIR peaks and corresponding functional groups.
Wavenumber Functional group Description
(cm™)
3340 —OH (hydroxyl Hydrogen bonding within hydrogel
group) network or residual moisture
2914 C-H stretching Backbone structure of GG and CG
1600-1700 C=O0 stretching Structural feature of GG/CG matrix, minor
intensity change observed with KCl
addition
1420-1370 C-H bending Backbone feature, slight variations with
KCI addition
1230 -SO3 (asymmetric K interaction with sulfate group,
stretch) indicating crosslinking
1024 -SO3 (symmetric K" interaction with sulfate group,
stretch) indicating crosslinking
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concentration on the degree of crosslinking, morphology, physical
structure, and porosity of GG/CG hydrogels coated on cotton fabric. In
the absence of crosslinking (Fig. 5a), the GG/CG coating exhibits a
loosely organized matrix characterized by irregular voids and a het-
erogeneous surface with high porosity, indicating the lack of a cross-
linked polymeric network. The side view further reveals a discontinuous
and thin polymer layer on the cotton substrate. This unstructured
appearance is attributed to the absence of ionic interactions, resulting in
a loosely entangled hydrogel matrix with limited mechanical integrity
and a disordered morphology. Upon the introduction of 0.3 M KCl
(Fig. 5b), the SEM images reveal a clear transition toward a more
organized and cohesive physical structure. The top view displays a
reduction in pore size and surface roughness, while the surface becomes
smoother and more homogeneous. The side view reveals a denser and
more uniformly distributed hydrogel layer covering the cotton surface.
These morphological changes are attributed to moderate ionic cross-
linking facilitated by K ions, which bridge sulfate groups on carra-
geenan chains, forming a stable three-dimensional network and a tighter
matrix (Markale et al., 2025). This partial crosslinking improves the
structural integrity of the hydrogel, reducing pore size and number
while maintaining some degree of flexibility and permeability. At the
highest KCl concentration (1.0 M, Fig. 5c), the hydrogel exhibits a
markedly compact structure with a higher crosslink density. The top
view reveals a dense, very rough surface with minimal visible porosity;
some microcracks or crystalline domains may be observed, likely due to
drying-induced shrinkage in the highly crosslinked matrix (Markale
et al., 2025). The side view shows a much thicker hydrogel layer that
fully covers the cotton fabric. This indicates a high degree of ionic
crosslinking, resulting in a tightly packed polymer network with greatly
reduced porosity. Overall, increasing KCl concentration leads to a
denser, less porous morphology. In other words, higher KCl levels pro-
mote the formation of more ionic bridges between polysaccharide
chains, thereby enhancing crosslink density and compacting the
hydrogel microstructure.

The SEM images (Fig. 5d and e) illustrate the surface morphology of
biofilter samples containing co-immobilized CS and BS within a GG/CG
hydrogel matrix crosslinked with 0.3 M KCl, coated onto cotton fabric.
The images offer insights into microbial distribution, retention, and the
role of the physical matrix during the effluent treatment trials. Before
effluent treatment tests (Fig. 5d), the hydrogel matrix appears relatively
continuous, suggesting uniform coating on the cotton substrate. At
higher magnification (x1500), both CS and BS cells are visible and
distinguishable, with CS appearing as spherical microalgae (~5 pm) and
BS as smaller rod-shaped structures. The cells are well-distributed across
the hydrogel surface, indicating effective co-immobilization within the
crosslinked network. The suitable crosslink density and gel-like consis-
tency of the GG/CG matrix at 0.3 M KCl provide a favorable environ-
ment for microbial entrapment, preventing cell detachment while
maintaining cell retention and sufficient permeability for nutrient
diffusion. After 7 days of effluent treatment trials (Fig. 5e), the hydrogel
matrix appears rougher and more textured, likely due to microbial
growth, metabolic activity, and interactions with components in the
effluent. The number and distribution of microbial cells appear to in-
crease, indicating active proliferation and colonization. This suggests
that the hydrogel matrix successfully supported microbial viability and
metabolic function during effluent exposure. Additionally, the denser
surface texture may reflect the accumulation of bioproducts, adsorbed
nutrients, or extracellular polymeric substances (EPS), which contribute
to a more complex microenvironment (Caldwell et al., 2021; Janpum
et al., 2022).

One important factor that can explain the efficiency of removing
nutrients and organics is the rheological properties. Caldera-Villalobos
et al. (2021) described composite collagen-guar gum hydrogels
enhanced with metal-organic frameworks (MOFs), where the storage
modulus of the hydrogel matrix increased dramatically (by 324.4 % with
Mg-MOF and 116.8 % with Ca-MOF). This finding demonstrates that
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added structural components, such as MOFs or cross-linkers, can
enhance the stiffness of the polymer network, leading to increased
elasticity that correlates with improved mechanical integrity and en-
ables the hydrogel to better withstand shear forces and maintain its
structure during treatment. In addition, Lei et al. (2022) studied hybrid
gels with k-CG or GG and observed that both storage (G') and loss (G")
modulus generally rose as more polysaccharide was added. Specifically,
G’ and G” values increased with higher CG or GG content, indicating a
stronger, denser gel network. Lei et al. (2022) also noted that very high
GG content (above ~0.1 %) led to a slight drop in modulus, as entangled
GG chains began to hinder the gel structure. These rheological results
are consistent with our system, where increasing KCl crosslinker con-
centration similarly produces a denser GG/CG network and higher ri-
gidity, as reflected in our solubility and swelling data, which in turn is
expected to enhance pollutant removal in effluent. In summary, stronger
gel rheology, characterized by higher modulus and rigidity and achieved
through the incorporation of additional crosslinks or polymers, corre-
lates with improved nutrient and organic removal. With further rheo-
logical analysis, it would entail flow properties and mechanical integrity
of the biofilter, which would significantly help in scaling up for
real-world applications including implementation with continuous or
large-scale effluent treatment processes.

3.3. Nutrient removal efficiencies using the hydrogel-based biofilters

3.3.1. Ammonium removal

The NH} removal data demonstrated the effectiveness of the CS/BS
system, with significantly enhanced removal achieved through co-
culture compared to monocultures and the control (no added cells)
within the hydrogel-based biofilters. Fig. 6a shows the percentage of
NHJ removal efficiency during 7 days of effluent treatment tests. In
monocultures, CS showed a significantly higher NH removal (87.23 +
3.05 %) than BS (78.85 + 3.97 %) after 7 days, (ANOVA: F(1,4) = 8.40,
p < 0.05). This suggested that CS was the primary driver of NH removal
in this system, likely through direct assimilation into its biomass
(Janpum et al., 2022). The lower removal by BS (78.85 + 3.97 % on day
7) indicated its lower efficiency in NH4 removal compared to CS. The
co-culture biofilters showed higher NHj removal efficiencies than
monocultures. The co-cultured biofilters showed significantly higher
NHJ removal efficiency than the monoculture and the control (no cells),
(ANOVA: F(5,12) = 336.22, p < 0.05), especially the CS/BS ratio of 3:1
showed the highest removal efficiency (98.68 + 1.32 % at day 7),
demonstrating the synergistic effect of the co-culture. The 1:1 and 1:3
CS/BS ratios also improved removal compared to monocultures (95.15
+ 3.05 % and 88.55 + 2.02 % at day 7, respectively), indicating that
even with a lower proportion of CS, the co-culture enhances NHj
removal. This synergistic effect was likely due to enhanced nutrient
cycling and organic matter degradation, resulting from the interaction
between CS (which provided oxygen) and BS (which degraded organic
compounds, potentially making N more available), facilitating faster
NHj uptake by the microalgae (Roy et al., 2023). The control condition
(no cells) showed negligible NH} removal (18.50 + 2.75 % at day 7),
confirming that the observed removal in the other treatments resulted
primarily from the biological activity of CS and/or BS. The significantly
higher NH} removal efficiencies observed in the co-culture biofilters,
compared to monocultures and the control, support the hypothesis that
co-immobilization of CS and BS leads to enhanced nutrient removal
through a synergistic interaction.

Our previous studies demonstrated that co-immobilized cultures of
Chlorella vulgaris and BS removed 86.70 % of NHZ and 99.30 % of P03~
from synthetic municipal wastewater over seven days (Odibo et al.,
2024). This performance was achieved using a 1:1 ratio of C. vulgaris and
BS, indicating that even with a lower proportion of the microalga, the
co-culture enhances NH removal (Odibo et al., 2024). Guo et al. (2021)
studied the immobilization of BS within a chitosan-sodium alginate
composite carrier for ammonia (NH3) removal from anaerobically
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digested swine wastewater, achieving a 96.50 % of NH3-N removal ef-
ficiency with contributions from both adsorption and microbial action
under optimized conditions. Furthermore, Nishi et al. (2022) investi-
gated the co-cultivation of Chlorella sorokiniana and nitrifying bacteria
under strong light conditions using a light-shielding hydrogel composed
of alginate supplemented with carbon black. The results showed that the
light-shielding hydrogel of co-culture significantly improved the nitri-
fication efficiency, achieving a nitrification rate approximately 9 times
higher than that of bacterial monoculture and exhibiting ammonia
removal up to 74.0 %. This suggests that incorporating light-absorbing
materials into immobilization matrices can effectively protect sensitive
microbial communities from photoinhibition, thereby maintaining high
N removal efficiencies under intense illumination. Compared to our
study, which achieved a 98.68 % NHJ removal efficiency at day 7 using
a natural GG/CG hydrogel under moderate light conditions, Nishi et al.
(2022)’s approach highlights the potential benefits of tailored hydrogel
formulations for specific environmental challenges.

The NHJ absorption rates are presented in Table 4. A general decline
in the absorption rate was observed across all treatments from day 1 to
day 7. This decrease was likely attributable to several interconnected
factors such as the decreasing NHJ concentration in the wastewater as
treatment progressed, and potential nutrient limitation, where the
available NHZ was largely consumed (Sui et al., 2014). On first day, the
co-culture biofilters demonstrated significantly higher NHj absorption
rates than the monocultures, (ANOVA: F(4,10) = 166.27, p < 0.05),
especially the CS/BS ratio of 3:1 exhibited the highest rate (1.92 + 0.03
mg-day'1~g'113iomass), followed by the 1:1 (1.82 + 0.07 mg~day'1~g'11,iomass)
and 1:3 (1.42 + 0.06 mg-day'1~g'11,iomass) ratios. In contrast, the mono-
cultures showed lower absorption rates: 1.32 + 0.02 mg-day'l-g'tl,iomass
for CS and 1.07 £ 0.04 mg~day'1-g'11)iom.(lss for BS. The observed rapid
consumption of NH{ in co-cultures, leading to a swift decline in uptake
rates as NHJ concentrations decrease, has been documented in various
studies. For instance, Moran-Valencia et al. (2023) investigated N
removal using an immobilized consortium of microalgae and nitrifying
bacteria encapsulated in hybrid hydrogels composed of polyvinyl
alcohol and sodium alginate. The study evaluated the performance of
these hydrogels, both with and without the addition of activated carbon
(AQ), over 72 h period in treating synthetic wastewater. The hydrogels
without AC could efficiently remove NH{ (95.5 %) for 5 % biomass
content. In contrast, the hydrogels with AC showed lower NHJ removal
efficiency (73.6 %), indicating that the presence of AC may inhibit the
nitrification process. This suggests that the hybrid hydrogel matrix
effectively supports the nitrification process, and that the inclusion of
AC may not be necessary for removing potential inhibitors in such sys-
tems. The developed hydrogel facilitated NH4 absorption through
electrostatic interactions. It was composed of GG and CG, and its
network was rich in negatively charged functional groups, such as hy-
droxyl and sulfate ions. These anionic sites attracted and bound posi-
tively charged NHJ ions from wastewater via electrostatic interactions,
effectively removing them from the solution (Cruz et al., 2018). This
principle aligned with the findings of Cruz et al. (2018), whose studies
on poly(acrylic acid)-based hydrogels demonstrated efficient NHZ
removal through similar ionic attractions.

In microalgae-bacteria co-cultures, N removal is achieved through a
combination of assimilation by microalgae and nitrification by bacteria
(Fig. 7a). Wastewater most typically contains inorganic N in the forms of
ammonium-nitrogen (NH4-N), nitrite-nitrogen (NO3-N), and nitrate-
nitrogen (NO3-N) (Xu et al., 2024b). Microalgae play a vital role in
assimilation, converting inorganic N into amino acids after transporting
it into their cells. Before assimilation, enzymes like nitrate reductase and
nitrite reductase transform all N forms into NH{-N (Xu et al., 2024b).
Subsequently, microalgae utilize the glutamine synthetase (GS) and
glutamine oxoglutarate transaminase (GOGAT) cycle to convert NHZ-N
into amino acids (Xu et al., 2024b). Bacteria, on the other hand, mainly
contribute to N removal through nitrification, facilitated by the oxygen
produced by microalgae (Janpum et al., 2022). Nitrification involves the
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Fig. 6. The percentage removal efficiency of (a) NHZ, (b) PO, and (c) COD, along with the variations in (d) DO, (e) pH in different CS/BS ratios within the
hydrogel-based biofilters during effluent treatment, and (f) photographs of hydrogel-based biofilter samples after effluent treatment.
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Table 4

Nutrient absorption rate of NH4 and PO}~ using the hydrogel biofilters during
effluent treatment, which differed significantly (p < 0.05, ANOVA, Tukey’s post
hoc test) and are denoted by different capital letters, columns for time points (day
1, 3, 5, and 7), and lowercase letters, rows for CS/BS ratios.

NHj absorption rate (mg-day'1~g'11,i0mass)

Time Monoculture Co-culture
(day)  1:0CS 0:1BS 3:1.CS/BS 1:1.CS/BS 1:3.CS/BS

1 1.32 & 1.07 + 1.92 &+ 1.82 & 1.42 &+
0.0248 0.044° 0.03%¢ 0.074¢ 0.06"?

3 0.72 + 0.68 + 0.94 + 0.90 + 0.76 +
0.01% 0.01% 0.06"° 0.06"" 0.06%2

5 0.50 + 0.44 + 0.67 + 0.64 + 0.528 +
0.01% 0.01%® 0.01%¢ 0.01% 0.01%

7 0.38 + 0.33 + 0.48 + 0.47 + 0.389 +
0.01°2 0.02P° 0.01°¢ 0.02°¢ 0.01"2

PO3~ absorption rate (mg-day g tiomass)

Time Monoculture Co-culture

(day)  1:0CS 0:1BS 3:1 CS/BS 1:1 CS/BS 1:3 CS/BS

1 37.28 + 26.97 + 55.96 + 48.41 + 35.21 +
8.320a¢ 2227 6.937Pd 45474 8.13Mac

3 17.31 + 14.56 + 28.74 + 26.22 + 19.86 +
5.04% 0.7458 2.31%° 0.878b¢ 1.358%¢

5 1252 + 9.76 + 18.75 + 17.85 + 13.81 +
1.60% 0.77<° 0.91%¢ 0.91%¢ 0.47%

7 9.32 + 6.79 + 13.40 + 12.75 + 9.87 +
0.665%¢ 0.63% 1.30° 0.65° 0.89%¢

oxidation of NH{-N to NH,OH by ammonia monooxygenase (AMO)
(Janpum et al., 2022). Next, hydroxylamine oxidase (HAO), oxidizes
NH20H to NO3 (Janpum et al., 2022). Finally, NO3 is oxidized to NO3
by nitrite oxidoreductase (NXR) (Janpum et al., 2022). Additionally,
bacteria also convert NH4-N for amino acid synthesis, like microalgae,
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highlighting a shared pathway for N assimilation.

3.3.2. Phosphate removal

The PO~ removal efficiency during seven days of effluent treatment
is presented in Fig. 6b. The PO}~ removal data obtained from the
hydrogel-immobilized biofilter system reveal a pattern consistent with
the previously discussed NHj removal results, highlighting the syner-
gistic effect of co-immobilizing CS and BS. The CS monoculture
demonstrated a significantly higher PO}~ removal rate of 42.24 + 2.99
%, in contrast to the BS monoculture, which had a removal rate of 31.90
+ 2.99 % after seven days, (ANOVA: F(1,4) = 17.99, p < 0.05). This
suggests that CS played a key role in PO}~ uptake through assimilation,
consistent with the finding that CS was also primarily responsible for
NHJ removal. Similar to NHZ removal, PO}~ removal was significantly
increased in the co-culture compared to single-culture systems and the
control (no cells) after seven days, (ANOVA: F(5,12) = 70.66, p < 0.05).
The co-cultures showed higher PO?;_ removal efficiencies (53.45 4+ 5.17
% for 3:1 ratio, 50.86 4 2.59 % for 1:1 ratio, and 43.97 4 3.95 % for 1:3
ratio at day 7), exceeding monocultures and suggesting a synergistic
interaction between the two microorganisms (Bedane and Asfaw, 2023).
After seven days of effluent treatment, visible differences in the
hydrogel-based biofilters were observed, as shown in Fig. 6f. The bio-
filters containing co-immobilized CS and BS exhibited noticeable
changes in coloration, which might have indicated microbial activity
and pollutant adsorption. Additionally, the three-dimensional network
of the GG/CG hydrogels likely contributes to this performance. The
porous structure supports efficient transport of nutrients and gases
(Yang et al., 2024), and the increased porosity of the hydrogels is known
to enhance the diffusion of the substrate into the immobilized microbial
communities (Song et al., 2023; Yang et al., 2024). Similarly, the
crosslinking density of the hydrogels controls the pore size: a higher
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Fig. 7. Schematic representation of key nutrient pathways involved in effluent treatment using co-immobilized microalgae and bacteria, including (a) N removal via
microalgal assimilation and bacterial nitrification, (b) P uptake and polyphosphate accumulation, (c) CO, consumption through microalgal photosynthesis, and (d)
bacterial cellular respiration contributing to organic matter degradation (adapted from (Liu et al., 2024; Xu et al., 2024b; Zhang and Liu, 2021)).
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degree of crosslinking creates a denser network with smaller pores (and
lower permeability), whereas a lower degree leads to larger pores and
higher permeability (Thang et al., 2023). The GG/CG matrix crosslinked
with 0.3 M KCl in our study may appear to strike a balance between
structural stability and porosity, providing a synergistic environment in
which the 3:1 ratio of CS/BS co-cultures could efficiently access nutri-
ents of NH4 and PO3".

In comparison, recent research has shown different levels of P
removal efficiency using different co-culture systems. In a study by
Chang et al. (2023), a microalgae-bacteria consortium was investigated
for the treatment of raw dairy manure wastewater using a novel
two-stage process optimized over a six-day experiment. The first stage,
conducted on day 1, involved anaerobic digestion to break down com-
plex organic matter by bacteria. This was followed by a second stage on
day 3, which employed an aerobic phase driven by a co-culture of
microalgae and bacteria. The system achieved remarkable treatment
efficiencies, including nearly 100 % removal of total phosphorus (TP)
from an initial concentration of 71.1 mg-L%. In addition to P, the study
also reported high removal efficiencies for total nitrogen (TN) and COD,
with TN reduced by up to 86.0 % and COD by up to 85.3 %. These results
highlight the synergistic relationship between microalgae, which
contribute to oxygen production and nutrient uptake, and bacteria,
which facilitate the degradation of organic matter. In another investi-
gation, Yang et al. (2023) developed an immobilized system using
Pseudomonas sp. entrapped in a polyvinyl alcohol hydrogel matrix,
enhanced with bentonite and lanthanum. This composite hydrogel sys-
tem achieved an impressive 99.17 % of PO3~ removal efficiency from an
initial concentration of 20.64 mg~L‘1 (Yang et al., 2023). This removal
efficiency is much higher than our system (53.45 % from an initial
386.67 mgeL1), likely due to the lower initial PO3~ concentration in
their study and the use of lanthanum and bentonite, which enhanced
adsorption and co-precipitation processes, mechanisms absent in our
biologically driven system. This system leveraged microbial-induced
calcium precipitation, where the Dbacteria facilitated the
co-precipitation of PO~ with calcium ions, effectively removing it from
the wastewater (Yang et al., 2023). Additionally, their study also re-
ported high N removal efficiency, achieving 89.08 % of NHZ-N removal.

The PO3~ absorption rates (mg-day™-g™! biomass) from the hydrogel-
based biofilter system, presented in Table 4, showed a pattern largely
consistent with the NHZ absorption rate results, further emphasizing the
synergistic effect of co-immobilizing CS and BS. As observed with NHZ,
PO3~ absorption rates decreased over time (day 1 to day 7) for all
treatments. This decline was likely due to a combination of factors,
including decreasing PO3~ concentrations in the wastewater and po-
tential nutrient limitations (Peng et al., 2022). Similar to NHZ uptake,
the PO}~ absorption rates in the co-culture biofilters were significantly
higher on first day compared to the monocultures and the control after
seven days, (ANOVA: F (4,10) = 29.19, p < 0.05). The 3:1 CS/BS ratio
demonstrated the highest initial rate (55.96 + 6.93 mg‘day'l-g'll)iomass),
followed by the 1:1 (48.41 + 4.54 mg~day'1~g'11,iomass) and 1:3 (35.21 +
8.13 mg-day-gliomass) ratios, suggesting synergistic effect of
co-immobilization on initial PO}~ uptake. The monocultures showed
considerably lower PO3 absorption rates (37.28 + 8.32 mg-day!-g!
biomass for CS and 26.97 + 2.22 mg~day'1-g'11,iomaSS for BS on day 1).

P removal in microalgae-bacteria co-cultures relies on microalgae
assimilation and P accumulation by polyphosphate-accumulating or-
ganisms (PAOs) (Fig. 7b). Orthophosphate (PO?{), along with HPO4 and
HoPOy, are the primary inorganic P forms in wastewater (Janpum et al.,
2022; Qian et al., 2022). Microalgae absorb and utilize these P com-
pounds, particularly HPO; and HyPOjz, during their growth. The
removal process involves extracellular and intracellular stages. Extra-
cellular processes include P precipitation with metal ions like calcium
(Ca3) or magnesium (Mg3) and adsorption (Janpum et al., 2022). P
plays a vital role in microalgal metabolism, being actively transported
into cells and assimilated into biomass components like DNA, RNA,
lipids, and ATP (Xu et al., 2024b). Intracellular processes, microalgae
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accumulate excess P as polyphosphate (PolyP) within vacuoles under
high P concentrations, enabling them to cope with P-stressed conditions
(Xu et al., 2024b). PAOs contribute to P removal by absorbing it under
aerobic/anaerobic conditions to produce PolyP, which is then released
anaerobically (Janpum et al., 2022; Xu et al., 2024b). PAOs oxidize
polyhydroxyalkanoates (PHAs) and polyhydroxybutyrates (PHBs) to
generate ATP for polyP formation and glycogen synthesis (Janpum et al.,
2022; Xu et al., 2024b). Conversely, they can hydrolyze stored polyP to
uptake volatile fatty acids (VFAs) and store them as PHAs/PHBs
(Janpum et al., 2022; Xu et al., 2024b).

3.3.3. COD removal

This study investigated the COD removal efficiency of hydrogel-
based biofilters system utilizing mono and co-cultures (Fig. 6¢). The
monoculture results showed that BS, 50.09 + 2.84 % at day 7, achieved
slightly higher COD removal than CS, 44.42 + 6.44 % at day 7,
throughout the treatment period. This suggested that bacterial meta-
bolic activity played a more dominant role in COD reduction, primarily
involving the breakdown of organic compounds, than microalgal
assimilation (Roy et al., 2023). This contrasts with the PO%’ and NH}
removal results, where CS was the primary driver. However, the
co-culture showed significantly higher COD removal efficiencies
compared to the monocultures and the control after seven days,
(ANOVA: F (5,12) = 37.45, p < 0.05). Co-culture systems demonstrated
better performance, with the 3:1 CS/BS ratio achieving the highest COD
removal efficiency of 68.60 + 2.52 % by day 7. The 1:3 and 1:1 CS/BS
ratios also showed enhanced efficiencies, reaching 61.53 + 6.98 % and
57.02 + 7.15 %, respectively. This improvement can be attributed to the
synergistic interactions between the microalgae and bacteria, where
microalgae provides oxygen through photosynthesis, facilitating aerobic
degradation by bacteria (Holmes et al., 2020). In contrast, control
conditions without microbial inoculation showed minimal COD
removal. In a study by Xu et al. (2025), two types of immobilized
microalgal spheres were evaluated for treating simulated slaughtering
wastewater. The first type utilized Ankistrodesmus falcatus immobilized
within sodium alginate-silica hydrogel beads (SS-MS), while the second
employed polyvinyl alcohol-sodium alginate hydrogel beads (PS-MS).
The SS-MS configuration achieved notable removal efficiencies: 54.60 %
for COD, 86.60 % for TP, and 62.08 % for NH;-N. In contrast, the PS-MS
system demonstrated higher TP removal at 90.31 % but significantly
lower COD and NHJ-N removal rates of 9.30 % and 10.70 %, respec-
tively. The superior COD removal observed with the SS-MS system is
attributed to the enhanced mass transfer facilitated by the looser
structure of the sodium alginate-silica beads, allowing better diffusion of
organic substrates to the microalgal cells.

3.3.4. DO changes

The dissolved oxygen (DO) concentrations exhibit notable variations
when comparing monocultures of CS and BS to their co-culture (Fig. 6d).
In monocultures, CS demonstrated a significant increase in DO levels
from 6.69 + 0.26 mg-L' on day 1-7.20 + 0.48 mgL?' by day 7,
compared to the BS monoculture, (ANOVA: F (1,4) = 194.09, p < 0.05).
This rise was attributed to the photosynthetic activity of microalgae,
which produced oxygen as a byproduct, enriching the surrounding
environment (Holmes et al., 2020). Conversely, BS cultures experienced
a decline in DO concentrations, decreasing from 3.54 + 0.10 mg-L! on
day 1-2.81 + 0.26 mg-L! by day 7. This reduction was likely due to the
bacterial oxygen consumption during aerobic respiration processes
(Holmes et al., 2020). In the co-culture, the 3:1 CS/BS ratio exhibited the
highest dissolved oxygen (DO) levels, peaking at 8.02 + 0.20 mg-L! on
day 3, indicating the dominance of photosynthetic oxygen production.
The 1:1 ratio showed a gradual increase in DO, reaching 6.52 + 0.76
mg-L! by day 7. Meanwhile, the 1:3 CS/BS ratio started with a DO level
of 3.74 + 0.12 mg-L! on day 1, which declined to 3.54 + 0.37 mg-L! by
day 3 and further dropped to 2.30 + 0.80 mg-L'! by day 7. The higher
proportion of BS in this co-culture likely led to increased oxygen
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consumption, resulting in a continuous decline in DO concentrations.
This phenomenon was evident in studies where co-cultures with a higher
bacterial presence exhibited lower DO levels compared to those with a
higher microalgal proportion. For instance, Sforza et al. (2018) reported
that in co-cultures of microalgae and bacteria, the oxygen produced by
microalgae was rapidly consumed by the bacterial population, leading
to reduced DO levels in the medium.

Table 5
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3.3.5. pH changes

The pH changes over seven days of effluent treatment are illustrated
in Fig. 6e. During the effluent treatment process using hydrogel-based
biofilters of CS and BS, distinct pH dynamics were observed across
different culture configurations. The initial pH was 7.94 + 0.01. In the
monoculture of CS, the pH increased gradually, reaching 8.30 & 0.03 on
day 1 and 8.92 + 0.23 on day 7. Conversely, the BS monoculture

The summary of various studies investigating immobilized hydrogel-based co-cultures or monocultures of microalgae and bacteria under different wastewater

treatment conditions, with a focus on their efficiencies in removing COD, N, and P.

Microalgae Bacteria Immobilized Cultivation mode Wastewater Treatment Removal efficiency (%) Reference
condition type time (days) (final/initial concentration (mg~L‘1))
COD N P
Chlorella sp. Bacillus subtilis Guar gum- Batch condition, Secondary 7 68.6 % NH3: PO3: This study
carrageenan Bottle-based glass, effluent from 97.7/ 98.7 % 53.5 %
crosslink with 25 °C, stir at 40 rpm, vegetable oil 311.0) (0.04/ (179.8/
KCl LED light 2000 lx, industry 3.6) 386.7)
12:12 dark-light cycle
Chlorella Nitrifying Sodium Batch condition, Synthetic 1 N/A NHs: N/A Nishi et al.
sorokiniana bacteria alginate- Crimp-top glass wastewater 74.0 % (2022)
carbon black bottles, 25 °C, stir at (13.2/
crosslink with 180 rpm, LED light 50.8)
CaCl, 1600 pmol-m?s’!
Chlorella Nitrifying Polyvinyl Batch condition, Synthetic 3 Failed NH3: N/A Moran-Valencia
vulgaris bacteria alcohol- Elenmeyer flasks, wastewater (increased) 95.5 % et al. (2023)
sodium 27 °C, stir at 150 rpm, 3.1/
alginate- white light 160 77.3)
activated pmol-m?2s7, 12:12 without
carbon (AC) dark-light cycle AC
73.6 %
(14.0/
77.3)
with AC
Chlorella Acclimated None Semi-batch Dairy manure 6 (3dayswith  85.3 % TN: TP: Chang et al.
sorokiniana mixed bacterial (suspended) condition, wastewater bacteria, then (488/ 86.0 % 99.8 % (2023)
culture Serum bottle-based 3 days with 3330) (20.4/ (0.14/
enriched from glass, 25 °C, stir at added 145.4) 71.1)
dairy manure 150 rpm, white light microalgae) NH3-N:
300 pmol-m2.s?, 99.6 %
continuous 0.4/
illumination, aerated 99.3)
at 0.2 vvm with 2 %
CO2
Chlorella Bacillus subtilis Guar gum- Batch condition, Synthetic 7 N/A NHj: PO3: Odibo et al.
vulgaris carrageenan Bottle-based glass, wastewater 86.7 % 99.3 % (2024)
25 °C, stir at 40 rpm, (8.9/ 0.2/
LED light 2000 Ix, 67.1) 29.9)
12:12 dark-light cycle
None Bacillus subtilis Sodium Batch condition, Anaerobically 6 N/A NH3-N: N/A Guo et al. (2021)
alginate- Beaker, 25 °C, stir at digested swine 96.5 %
chitosan-acetic 200 rpm wastewater (23.9/
acid crosslink 685.4)
with CaCl,
None Pseudomonas Polyvinyl Continuous Synthetic 20 (period 3) N/A NH;-N: PO -P: Yang et al.
sp. alcohol- condition, wastewater 89.1 % 99.2 % (2023)
bentonite- Bioreactor (BR), 9 3.4/ 0.2/
lanthanum periods (HRT 6 h and 31.5) 20.6)
C/N 6.0 at period 3)
Tetradesmus None Sodium Batch condition, Biodigested 10 62.0 % TN: TP: Aguiar et al.
obliquus alginate Elenmeyer flasks, swine manure (144/383) 65.0 % 99.0 % (2024)
crosslink with 22 °C, white light (12.1/ (1.6/
CaCl, fluorescent lamps 34.5) 311.4)
40 W, aerated at 1
L-min’!
Ankistrodesmus None Sodium Continuous Simulated 2 54.6 % NH;-N: TP: Xu et al. (2025)
falcatus alginate-silica condition, slaughtering (534/ 62.1 % 86.6 %
crosslink with Photobioreactor wastewater 1176) (11.1/ 2.3/
CaCl, (PBR), 25 °C, light 29.3) 17.2)
Polyvinyl 2000 Ix, 12:12 dark- 9.3 % NHZ-N: TP:
alcohol- light cycle (82.3/ 10.8 % 90.3 %
sodium 1176) (26.1/ 1.7/
alginate 29.3) 17.2)
crosslink with
CaCl,
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exhibited a slight decrease in pH to 7.28 + 0.17 on day 1, followed by a
gradual rise to 7.82 + 0.19 by day 7. Among the co-cultures, the CS/BS
ratio of 3:1 showed the most significant pH increase, reaching a peak of
9.51 + 0.35 on day 7 compared to other conditions, (ANOVA: F (5,12)
=63.82,p < 0.05). The 1:1 CS/BS co-culture experienced a moderate pH
increase, reaching 8.69 + 0.04 by day 7, while the 1:3 CS/BS ratio
maintained a relatively stable pH of around 7.07 + 0.15 throughout the
observation period. The control condition, which lacked microbial cells,
showed a slight decrease in pH from 7.70 &+ 0.02 on day 1 to 7.43 + 0.13
on day 7.

The observed pH fluctuations can be attributed to the metabolic
activities and interactions between the microalgae and bacteria within
the biofilter system. The interplay between microalgal photosynthesis
and bacterial respiration significantly influences the pH of the system
(Fig. 7c and d). Microalgae perform photosynthesis (Fig. 7c) by
consuming COg, releasing oxygen, and converting CO» into glucose
through the Calvin-Benson cycle. This process can increase pH due to the
reduction of dissolved CO, in the medium (Zhang and Liu, 2021).
Additionally, microalgae absorb bicarbonate (HCO3) ions from the
environment during photosynthesis, transport them to the chloroplast,
and convert them into COy by carbonic anhydrase (CA), which can
further raise the pH of wastewater (Zhang and Liu, 2021). When
photosynthetic activity dominates, such as in co-cultures with a higher
proportion of microalgae, the pH rises. This phenomenon explains the
continuous pH rise in the CS monoculture and the more pronounced
increase in the 3:1 CS/BS co-culture. In contrast, bacterial cellular
respiration (Fig. 7d), primarily through glycolysis and the Krebs cycle,
consumes O,, produces CO2, and releases H" from the electron transport
system as a metabolic byproduct (Liu et al., 2024). The CO; released into
the surrounding environment affected pH, accounting for the initial pH
decrease observed in the BS monoculture and systems with a higher
bacterial proportion.

A compilation of publications that focused on the nutrient removal
efficiency of co-immobilized hydrogel-based microalgae and bacteria in
various wastewater treatment systems was summarized in Table 5.
Based on Table 5, the co-immobilized hydrogel-based system developed
in this study showed potential as a "best-in-class" or at least a highly
viable alternative approach for wastewater treatment. The biofilter with
a 3:1 ratio of CS to BS achieved COD and nutrient removal efficiencies
that outperformed monoculture, co-culture, and other systems based on
the initial nutrient concentrations reported in previous studies. In
addition, the crosslinked GG/CG hydrogel used in this study demon-
strated optimized water absorption, low cell leakage, and low cytotox-
icity, distinguishing it from other immobilization methods, such as
alginate-based systems, which tended to have higher cell leakage or
poorer durability. Thus, although it may not have been a “first-in-class”
approach in all indicators, its combination of real wastewater applica-
bility, balanced performance, and simple materials made the hydrogel a
very attractive alternative to existing systems. However, limitations of
this study include the relatively short treatment duration and the need to
evaluate long-term stability, microbial community dynamics, and scal-
ability in real-world settings. Future research should focus on optimizing
the system for continuous operation, testing with diverse wastewater
types, and assessing economic feasibility to fully establish its practical
applicability and potential for widespread adoption.

4. Conclusions

This study successfully developed a hydrogel-based living biofilter
utilizing co-immobilized CS and BS for nutrient removal from secondary
industrial effluent, which is sufficiently stable and hydrophilic. The
optimized hydrogel formulation, incorporating guar gum and carra-
geenan with 0.3 M KCl as a crosslinking agent, demonstrated enhanced
stability, moderate water uptake, and high microbial adhesion while
maintaining cell viability. The co-culture biofilter of the 3:1 CS/BS
mixing ratio exhibited a synergistic effect, significantly improving NHj
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(98.68 %), PO?{ (53.45 %), and COD (68.60 %) removal efficiencies
compared to monocultures. The interaction between microalgae and
bacteria facilitated nutrient uptake, organic matter degradation, and
improved effluent treatment performance. The findings highlight the
potential of hydrogel-based living biofilters as an effective and sus-
tainable approach for wastewater treatment, promoting resource re-
covery while mitigating environmental pollution. Further research
should focus on scaling up this system and assessing its long-term
operational efficiency under real-world conditions.
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