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Abstract Conventional biological nitrogen removal processes from nitrogen-rich wastewa-
ters, such as those derived from livestock operations or semiconductor manufacturing, are ener-
gy-intensive due to the requirement for mechanical aeration during the nitrification process. In
recent years, microalgae and nitrifying bacteria consortia have been explored as a sustainable
alternative to supply oxygen by microalgae via photosynthesis, thus potentially eliminating the
need for mechanical aeration. Among various approaches, photogranules have gained increasing
attention for their high treatment efficiency. However, natural photogranule formation requires
a prolonged incubation periods ranging from several weeks to months, limiting their practical
application. To address this limitation, we developed a photogranule-mimetic microalgae—nitri-
fying bacteria capsule using a rapid, reverse-dropping method. The capsule was constructed in
a core—shell configuration where the liquid core contained nitrifying sludge (3.0 g-SS L), and
the alginate-based shell (0.5 wt% sodium alginate) immobilized the green microalga Chlorella
sorokiniana (1.0 g-SS L™"). The capsules were formed by extruding the core suspension con-
taining calcium chloride as a cross-linking agent into the shell solution containing alginate, and
shell formation was monitored over various cross-linking durations (5-30 min). Shell thickness
increased almost linearly with time, reaching 1.8 mm at 30 min. A cross-linking time of 15 min
yielded a shell-to-core volume ratio of approximately 2.0, enabling precise control of biomass
distribution and achieving target concentrations in the photobioreactor (0.3 g-SS L™ nitrifiers,
0.1 g-SS L' microalgae) using 2153 capsules per liter. Batch experiments were conducted under
white LED illumination (200 zmol photons m” s, 12 h light/12 h dark cycles) at pH 7.0 without
mechanical aeration. Over a 7-day period, the capsules removed 80.4% of the initial 40 mg-N
L' ammonium, and complete nitrification was observed within the first 72 hrs. The ammonium

removal rate reached 1.0 mg-N mg-TSS™ h”', significantly exceeding that of conventional co-im-
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mobilized hydrogel systems (0.43 mg-N mg-TSS" h™"). This enhanced performance was attribut-
ed to the improved mass transfer properties of the thin alginate shell and the efficient oxygen
diffusion from microalgal photosynthesis into the capsule core. Compared to traditional pho-
togranules, the proposed encapsulation approach offers several advantages: (1) rapid fabrication
within minutes compared to biological photogranules synthesis, (2) spatial control over microbi-
al distribution, and (3) elimination of energy-intensive aeration. However, some limitations were
also observed. Capsule mechanical integrity decreased over time due to calcium ion leaching
and shear stress during operation, suggesting the need for future optimization of encapsulation
materials to enhance durability. Nonetheless, this study demonstrates the feasibility of using
engineered core—shell capsules to mimic the functionality of natural photogranules, thereby

providing a scalable and energy-efficient platform for high-rate, light-driven biological nitrogen

removal in wastewater treatment.
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Fig 1. Expected nitrification process in the
microalgae-nitrifying bacteria consortium
capsule.
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Fig 2. Preparation of microalgae-nitrifying
bacteria consortium capsules.
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Fig 3. Batch experiments under light irradia-
tion.

Fig 4. Schematic model for membrane thick-
ness and volume ratio calculations: nitrifiers
core with algal shell.
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Fig 5. Capsule morphology under varying
crosslinking times (5, 10, 15, and 30 min) by
digital microscopy.
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Fig 6. Effect of crosslinking time on capsule

shell thickness and volume ratio.
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Fig 7. Changes in nitrogen compound con-
centrations during light irradiation experi-
ment.
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