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Abstract

Elevated indoor carbon dioxide (CO,) represents an underutilized biogenic carbon feed-
stock. Coupling indoor atmospheric remediation with biological sequestration requires
overcoming mass-transfer limitations and culture collapse under high carbon loads.
This study empirically evaluated a direct-injection, 2.0 L filamentous Leptolyngbya sp.
photobioreactor for continuous indoor CO, valorization. A fortified nitrogen medium
(4.5 g L~ NaNO3) was utilized to sustain high-density proliferation. Initial optimiza-
tion confirmed that narrow-band Red LEDs (10,000 lux) maximized the Apparent Quan-
tum Efficiency (®co,) at 1.49 x 1072 mol/mol. During a 20-day continuous trial under
5000 ppm CO, sparging, the EPS-rich cyanobacterial matrix resisted acidification, achieving
a stationary biomass density of 3.30 g L~!. The system maintained a steady bio-mitigation
velocity of ~2120 ppm day~!. Intracellular chlorophyll a peaked at 26.0 mg L~! on Day 10,
before severe optical self-shading induced a 47% photoprotective degradation, defining Day
10 as the optimal biorefinery harvesting threshold. At this peak, dynamic efficiency reached
2.07 x 1073 mol/mol. Projecting these kinetics onto a 50 m® occupied room confirms
that capturing ambient CO, requires a working volume of 85-90 L and a spatial footprint
of <0.25 m?, validating Leptolyngbya sp. as a highly resilient catalyst for decentralized,
commercial-scale indoor bioprocessing.

Keywords: Leptolyngbya sp.; biomass valorization; circular bioeconomy; biorefinery
co-products; photobioreactor scaling; bioenergetic efficiency; carbon dioxide mitigation

1. Introduction

Harnessing phototrophic microorganisms presents a sustainable and circular pathway
for biological carbon capture and the concurrent synthesis of renewable bioproducts [1,2].
However, transitioning these biological platforms from high-footprint open ponds to decen-
tralized indoor environments requires a continuous, economical, and concentrated carbon
source [3]. Modern architectural envelopes increasingly prioritize thermal energy conserva-
tion through airtight construction, which restricts passive air exchange and inadvertently
drives anthropogenic carbon dioxide (CO,) accumulation well beyond baseline atmospheric
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thresholds [4,5]. Rather than treating localized indoor CO; buildup solely as an environ-
mental hazard linked to Sick Building Syndrome [6], this gas stream represents an abundant,
highly accessible biogenic feedstock. Coupling localized indoor atmospheric remediation
with phototrophic biosequestration provides a dual-purpose framework within the circular
bioeconomy: actively remediating enclosed microclimates while directly valorizing waste
gas into dense cellular biomass. Beyond intracellular pigments, cyanobacterial extracellular
polymeric substances (EPS) and phycocyanin offer high-value downstream trajectories
for sustainable infrastructure, including the development of carbon-negative protective
coatings exhibiting high UV stability and adhesion [7,8].

Conventional indoor atmospheric remediation relies heavily on demand-controlled
ventilation (DCV) [9]. This strategy mechanically dilutes indoor pollutants by condi-
tioning substantial influxes of outdoor air, creating a severe energetic penalty for the
building’s HVAC operational load [10,11]. Physicochemical capture technologies—such as
solid amine sorbent arrays and direct air capture (DAC) modules—bypass excessive out-
door air dilution but introduce substantial parasitic thermal regeneration penalties [12,13].
Biological sequestration circumvents these intensive thermal regeneration demands be-
cause phototrophic microorganisms directly assimilate dissolved inorganic carbon via the
Calvin-Benson-Bassham cycle into structural organic polymers [2].

Despite this theoretical advantage, standard indoor biological filtration systems
suffer from distinct hydrodynamic and physiological bottlenecks [14]. Most conven-
tional biofilters rely on passive gas-liquid surface diffusion or separate gas-mixing cham-
bers, which severely restrict gas dissolution velocities and induce liquid-phase carbon
starvation [15]. To overcome these mass-transfer constraints, photobioreactor architectures
must deploy a direct-injection mechanism that delivers CO; directly into the liquid cul-
ture. However, when conventional unicellular chlorophytes (such as Chlorella vulgaris or
Scenedesmus obliquus) are subjected to direct, elevated carbon spikes (e.g., 5000 ppm), the
rapid influx of unbuffered carbonic acid drives severe localized acidification [16]. This pH
depression impairs Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) activity
and frequently triggers culture collapse, limiting the stationary biomass density of typical
indoor green microalgal systems to between 1.0 and 2.0 g L~ [17,18].

Filamentous cyanobacteria offer superior structural resilience and photometric flex-
ibility for continuous indoor cultivation. Strains such as Leptolyngbya sp. synthesize an
intricate sheath of Extracellular Polymeric Substances (EPS) that aggregates cellular tri-
chomes into cohesive mats and provides local pH-buffering capacity against acute carbon
spikes [19,20]. Beyond shear and chemical tolerance, cyanobacteria possess specialized
extrathylakoidal antenna complexes termed phycobilisomes (PBS), enriched with phyco-
cyanin and allophycocyanin [21]. The PBS architecture allows cyanobacteria to undergo
Complementary Chromatic Adaptation (CCA), dynamically reorganizing pigment ratios to
optimize photon absorption across distinct wavebands [22]. Because artificial lighting rep-
resents the primary operational electrical load in enclosed photobioreactors, matching the
narrow-band emission spectrum of light-emitting diodes (LEDs) to the specific absorption
bands of Leptolyngbya sp. is essential to maximize the Apparent Quantum Efficiency and
improve the overall bioprocess energy balance [23].

To establish commercial feasibility, indoor cultivation must be linked with downstream
circular biorefining pipelines. While dense biomass accumulation is critical for carbon
mass valorization, the progressive optical self-shading that occurs in high-density cultures
triggers a documented photoprotective down-regulation of photosynthetic antennae [24,25].
This leads to the degradation of high-value intracellular co-products, particularly chloro-
phyll 2 and phycobiliproteins. Systematically quantifying the kinetic divergence between
gross biomass proliferation and pigment retention is therefore necessary to pinpoint the op-
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timal harvesting window that maximizes co-product extraction yields [26]. While artificial
illumination represents the primary operational electrical load in enclosed photobioreactors,
baseline efficiency metrics remain heavily constrained. Recent literature evaluating arti-
ficial lighting for indoor cyanobacterial cultivation generally reports Apparent Quantum
Efficiencies (®cp,) hovering between 0.80 x 1073 and 1.10 x 10~3 mol/mol under standard
broad-spectrum white LEDs [21,23]. Precisely quantifying the extent to which narrow-band
spectral alignment can exceed these baseline thermodynamic limits—specifically under
continuous high-carbon indoor loads—remains a critical gap in optimizing standalone
bio-remediation appliances.

To address these engineering and biological knowledge gaps, this investigation empiri-
cally quantifies the mass-transfer boundaries, spectro-radiometric efficiency, and long-term
metabolic stability of a direct-injection Leptolyngbya sp. photobioreactor. The study is driven
by the primary hypothesis that spectro-radiometric alignment using narrow-band Red LED
arrays matching the primary phycobiliprotein absorption bands will yield a superior Appar-
ent Quantum Efficiency compared to broad-spectrum white illumination. Furthermore, it
is hypothesized that the EPS-rich filamentous architecture of Leptolyngbya sp. will maintain
structural integrity and steady-state carbon uptake under repetitive, direct 5000 ppm CO,
spikes, achieving stationary biomass densities that exceed standard chlorophyte bench-
marks. Ultimately, the core objective is to systematically decouple abiotic dissolution from
biological fixation, map the temporal degradation kinetics of intracellular chlorophyll 4,
and determine the precise kinetic parameters required to model and scale appliance-sized
indoor air remediation systems for the circular bioeconomy.

2. Materials and Methods
2.1. Cyanobacterial Strain and Pre-Cultivation Standardization

This research employed Leptolyngbya sp. (EU310428), a filamentous cyanobacterium
sourced from the ProGreen Laboratory culture collection at the University of Moratuwa’s
Department of Civil Engineering, Moratuwa, Sri Lanka). This specific strain was selected
for its robust extracellular polymeric substance (EPS) matrix and its established potential
for downstream valorization into bio-based products. The base biomass was cultivated
autotrophically in autoclaved BG-11 nutrient broth. Environmental parameters were strictly
maintained at 25 + 2 °C, with an uninterrupted light supply of 150 umol m~2 s~! delivered
via cool-white light-emitting diodes.

Because Leptolyngbya sp. naturally secretes extracellular polymeric substances (EPS)
that bind cells into dense macroscopic mats, conventional pipetting cannot ensure homoge-
neous volumetric distribution. To overcome this, the pre-cultivation biomass underwent
brief mechanical shearing. Agitation with sterile 3 mm glass beads temporarily sepa-
rated the filaments without inducing cellular lysis. This micro-homogenization process
guaranteed a standardized starting density for all experimental phases. Following expo-
nential proliferation, the suspended cells were pelleted by centrifugation at 4000 rpm for
20 min, then integrated into fresh BG-11 medium to achieve the precise target inoculum
concentration [27,28].

2.2. Photobioreactor Architecture and Microclimate Control

The macroscopic mass transfer kinetics of the biological matrix were evaluated utiliz-
ing a customized, hermetically sealed gas-exchange chamber. The primary external enclo-
sure consisted of a 20.0 L transparent glass vessel. To accurately model human-occupied en-
vironments, the internal micro-climate was regulated at 25 + 1 °C and 60 £ 5% relative hu-
midity, perfectly aligning with ASHRAE Standard 62.1 thermal comfort thresholds [29,30].
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A 2.0 L internal photobioreactor (PBR) housing the cyanobacterial suspension
(dimensions: 13.0 cm internal diameter, 25.0 cm height) was centrally mounted within
this primary vessel (Figure 1). To accurately replicate an acute indoor carbon load and
eliminate the kinetic bottlenecks associated with passive headspace transfer, ultra-pure
CO, gas was directly injected into the cyanobacterial culture via a micro-porous sparger
located at the base of the reactor. The off-gas was subsequently vented into the surrounding
20.0 L chamber.

-
Simulated Indoor Environment 4 \

(25£1°C | RH: 60 £ 5%). — ! / 20.0 L Enclosed Gas Chamber \ \
(Off-Gas Accumulation)

NDIR CO, Sensor
(0-5,000 ppm)

2.0 L Leptolyngbya sp.
Culture
(Biomass Density:
330gL)

|
1
|
|
1
I
i
1
I
1
I
i
I
1
i
I

Optimized LED Array |
(Red spectrum evaluated
at 150 pmol m2 5! PPFD)

o Optimized LED Array
(Red spectrum evaluated
at 150 pmol m2 5™ PPFD)

" 1.0L min"
Cantinudus Continuous Spargin; .
Ultra-Pure PRIEE )

CO, Source N ;

Figure 1. Schematic representation of the 2.0 L direct-injection photobioreactor system. The diagram
illustrates the continuous CO; sparging mechanism, the optimized narrow-band Red LED array, and
the 20.0 L enclosed off-gas accumulation chamber utilized for continuous bio-mitigation monitoring
within a simulated indoor microclimate.

The hydrodynamic profile was stabilized by locking the aeration rate at 1.0 L min 1,

corresponding to 0.5 volumes of air per volume of liquid per minute (vvm). This configura-
tion sustained a uniform superficial gas velocity (Uy), ensuring robust cell-to-gas contact
while preventing biomass sedimentation and boundary-layer stagnation. Real-time atmo-
spheric metrics of the system’s off-gas—specifically temperature, humidity, and the CO,
decay profile—were monitored using an integrated Non-Dispersive Infrared (NDIR) detec-
tor (Sper Scientific, Model 800050, Scottsdale, AZ, USA). This sensor features a functional
span of 0-5000 ppm and a certified precision tolerance of £50 ppm plus 3% of the absolute
reading [31,32]. To preserve strict experimental sterility, all chamber components and PBR
surfaces were sanitized with a 70% ethanol solution before every trial. Furthermore, to pre-
vent instrument drift, the NDIR module was subjected to a weekly two-point recalibration
protocol utilizing atmospheric air and a validated 5000 ppm standard calibration gas.

2.3. Abiotic Gas Dissolution and Physical Calibration

Accurately quantifying biogenic carbon capture requires the mathematical separation
of active metabolic fixation from passive gas dissolution. Consequently, an initial abiotic
calibration procedure was conducted to map the baseline physical mass-transfer character-
istics of the uninoculated hardware. The central 2.0 L PBR was charged with pure, sterile
BG-11 medium, and dosed with the direct 5000 ppm CO; injection. While maintaining the
standard 25 °C environment and continuous 0.5 vvm aeration, the off-gas CO, depletion
was logged every 10 min over a complete 24-h cycle. The resulting abiotic dissolution curve
established the absolute physical boundary of the aeration matrix acting upon a Newtonian
fluid [33]. This empirical baseline was subsequently subtracted from the raw biological
data to isolate the true kinetic rate of Leptolyngbya sp. carbon assimilation [30,31].
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2.4. Phase 1: Optical Parameter Optimization and Kinetic Screening

Prior to the extended longevity trials, a targeted screening matrix was executed to
isolate the most energetically efficient spectro-radiometric conditions for the cyanobacterial
catalyst. To guarantee rheological consistency, the 2.0 L PBR was populated with a standard-
ized initial biomass density of 0.30 g L~! for each independent biological triplicate [31,34].

The testing framework manipulated two primary physical variables: specific emission
spectra and luminous intensity. Four distinct lighting arrays (cool-white, red, blue, and
green LEDs) were positioned symmetrically at a 5.0 cm radial offset from the reactor
wall to ensure homogeneous light distribution. Prior to initiation, the spectral power
distribution and surface illuminance were rigorously mapped using a calibrated quantum
spectroradiometer (LI-COR Biosciences, Lincoln, NE, USA). Each discrete color spectrum
was evaluated across an intensity gradient of 2500, 5000, 10,000, and 15,000 lux, yielding an
approximate Photosynthetically Active Radiation (PAR) range of 35 to 210 pmol m 2 s~ 1.

Every batch run commenced with a direct 5000 ppm CO; injection into the culture,
followed by 24 h of continuous kinetic tracking. To eliminate carbon memory effects
and accumulated physiological fatigue, the entire apparatus was purged with standard
atmospheric air and refilled with a freshly cultivated biomass aliquot between each trial.
The specific combination of color and intensity that maximized both the absolute CO,
assimilation velocity and the Apparent Quantum Efficiency (®cp,) was mathematically
defined as the operational setpoint for Phase 2 [35-37].

2.5. Phase 2: Extended Operational Stability and Cyclic Carbon Loading

Upon identifying the optimal lighting parameters, a prolonged twenty-day cultiva-
tion phase was executed. This stage aimed to evaluate the structural stability, functional
consistency, and long-term metabolic endurance of the Leptolyngbya sp. biomass under con-
tinuous carbon stress [31,35]. The photobioreactor was freshly inoculated and maintained
strictly under the ideal spectro-radiometric conditions established during Phase 1.

To sustain high-density proliferation and prevent premature nitrogen starvation un-
der continuous high-carbon loading, the standard BG-11 medium was modified prior to
inoculation. Specifically, the formulation was amended with a 3-fold concentration of
sodium nitrate (NaNO3, 4.5 g L), providing an expanded elemental nitrogen ceiling
mathematically capable of supporting a theoretical biomass threshold exceeding 4.0 g L~

The system operated under a continuous 24:0 h (light/dark) photoperiod to evaluate
the maximum volumetric biomass productivity and the continuous bioprocessing capacity
of the cyanobacterial matrix, uninfluenced by natural day-night cycles. Throughout this
duration, a rigorous and repetitive carbon-loading protocol was enforced. Specifically, the
culture was directly spiked to a peak CO, concentration of 5000 ppm every 24 h. This
extended testing phase yielded the longitudinal carbon fixation and biomass accumula-
tion data required to accurately model the cyanobacterial matrix’s growth kinetics and
operational lifespan [37,38].

2.6. Analytical Procedures for Cellular and Pigment Quantification

To accurately track the physiological status and biokinetic efficiency of the filamen-
tous cells under repetitive CO; loading, discrete 5.0 mL culture aliquots were extracted
strictly every 24 h at 10:00 AM. This rigid 24-h sampling frequency ensured a standardized
metabolic integration window between discrete atmospheric carbon spikes, eliminating
temporal bias prior to downstream quantitative analysis.

https:/ /doi.org/10.3390/biomass6050074


https://doi.org/10.3390/biomass6050074

Biomass 2026, 6, 74

6 of 20

2.6.1. Gravimetric Biomass Assessment

Biomass accumulation was measured gravimetrically as dry cell weight (DCW). Be-
cause Leptolyngbya sp. naturally forms highly entangled filamentous networks, an immedi-
ate, high-frequency mechanical micro-homogenization step was applied to all samples prior
to extraction. This procedure guaranteed a uniform, representative suspension for analysis.

Pre-weighed, moisture-free glass microfiber filters (Hyundai GF/C, 1.2 um pore size,
47 mm diameter, Seoul, Republic of Korea) were used to filter specific volumes of the
homogenized culture. The biomass-laden filters were subsequently placed in a thermostatic
oven at 60 °C and dried until they reached a constant mass. To avoid ambient moisture
reabsorption, the filters were transferred to a desiccator to cool before the final weighing.
The ultimate biomass concentrations were calculated utilizing the following formula [34,39]:

Wr — W

DCW, = v

where DCW,, is the biomass concentration at sampling day 7 (g L™1), Wy is the final mass
of the dried filter plus retained biomass (g), W; is the initial mass of the dried filter (g), and
V is the filtered sample volume (L).

2.6.2. Chlorophyll a Recovery and Analysis

To evaluate the resilience of the photosynthetic apparatus and overall pigment vitality
against constant CO, saturation, the concentration of intracellular chlorophyll 2 was closely
monitored. The extraction procedure involved treating the harvested cell pellets with 10 mL
of 100% pure acetone, allowing the solvent to effectively penetrate the cyanobacterial cells.
To maximize pigment recovery and prevent light-induced degradation, this suspension
was incubated at 4 °C in total darkness for 24 h.

Following the dark incubation, the samples were centrifuged at 3500x g for 10 min
to pellet the cellular debris. The clarified supernatant containing the extracted pigments
was collected, and its optical absorbance was measured using a spectrophotometer at
662 nm and 750 nm. The 750 nm reading served as a baseline correction for any residual
sample turbidity. Standardized empirical equations [40] were applied to these corrected
values to determine the final chlorophyll a concentrations, serving as a primary indicator
of physiological stress across the twenty-day trial, as well as quantifying the accumulation
of a high-value intracellular co-product targeted for downstream biorefinery extraction.

2.7. Bioenergetic Calculations and Reactor Efficiency Metrics

To assess the photon utilization efficiency of Leptolyngbya sp. and mathematically
identify the most efficient illumination profile, the Apparent Quantum Efficiency (®co,)
was computed for every evaluated optical condition. The general procedure required a
three-step mathematical conversion: first, transforming raw photometric lux into biologi-
cally relevant photosynthetic photon flux density (PPFD); second, mapping this irradiance
to the internal geometry of the reactor to define the volumetric incident photon flux; and
finally, establishing the ratio between the continuous molar carbon assimilation rate and
the total photon supply.

2.7.1. Calculation of Photosynthetic Photon Flux Density

Standard photometric illuminance (lux) is heavily biased toward human ocular sensi-
tivity rather than the true photosynthetic action spectrum. Consequently, baseline lux
readings were transformed into absolute Photosynthetic Photon Flux Density (PPFD,
umol m~2 s~ 1) utilizing precise spectral conversion factors (CF,) derived directly from
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the quantum spectroradiometer’s absolute power distribution. This approach rigorously
quantifies the actual biophysically relevant photon supply:

PPFD = E, x CE),

where E; is the measured illuminance (lux) and CF, represents the spectrum-specific
conversion factor tailored to the individual LED array emissions.

2.7.2. Determination of Reactor-Scale Photon Exposure (I,5)

The total photo-energy penetrating the biological matrix, defined as the volumetric
incident photon flux (I, expressed in mol m~3 s~1), was calculated by mapping the PPFD
over the illuminated geometry of the internal chamber [41,42]:

PPED X Ajjluminated

x 1070
VpBR

Iubs =

where Ajjj,minated i the radial surface area of the PBR exposed to the LED arrays (0.080 m?),
Vppr is the working volume of the cyanobacterial suspension (2.0 x 103 m3), and 10 is
the conversion constant from micromoles (imol) to moles (mol).

2.7.3. Quantification of Net Biological Carbon Fixation (Rco,)

The active biological carbon assimilation rate was isolated by subtracting the estab-
lished abiotic physical mass transfer baseline from the steady-state gas CO; differential. Be-
cause the reactor operates under continuous direct-injection sparging rather than as a static
closed batch, the absolute molar rate of CO; fixation (R¢p,, expressed in mol L-tday ')
was derived using the continuous gas flow rate and the Ideal Gas Law [42,43]:

R _ AGpiy x1070x Qx P
€02 — RXTXVPBR

where ACy;, is the steady-state bio-mediated CO; depletion differential (ppm), Q is the
continuous volumetric gas flow rate (1440 L day_l), P is the atmospheric pressure (1 atm),
R is the ideal gas constant (0.0821 L atm K1 mol_l), T is the absolute ambient temperature
(298.15 K), Vppr is the working liquid volume of the cyanobacterial suspension (2.0 L),
and 10~° is the conversion factor from parts-per-million volume fraction to dimensionless
molar fraction.

2.7.4. Calculation of Apparent Photon Conversion Efficiency (®co,)

Finally, the photon utilization efficiency of the biological matrix under varying light
spectra was quantified by calculating the Apparent Photon Utilization Efficiency [42,43].
This metric represents the moles of CO, assimilated per mole of incident photons
supplied [44,45]:

Rco,
Lops

Dco, =

The spectro-radiometric combination yielding the highest o, value was analytically
designated as the most energy-efficient setpoint, dictating the operational parameters for
the longitudinal Phase 2 trials.

2.8. Data Processing and Statistical Evaluation

To ensure rigorous reproducibility, all experimental protocols were performed in
independent biological triplicates (n = 3). Replicate batches were fully randomized to
eliminate potential spatial or temporal clustering biases. Data sets are reported as the
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mean + standard deviation (SD). Visualization of all kinetic and growth profiles was exe-
cuted exclusively using Microsoft Excel (Microsoft Corporation, Redmond, WA, USA).

A full factorial Design of Experiments (DOE) was not deployed because the primary
objective was to isolate the independent physiological responses to specific, pre-determined
LED wavebands rather than modeling complex multi-variable interactions. Conse-
quently, all statistical evaluations were processed using Minitab 17 (Minitab, LLC,
State College, PA, USA). The fundamental assumptions of data normality and homoscedas-
ticity were confirmed via the Shapiro-Wilk and Levene’s tests, respectively. A two-way
analysis of variance (ANOVA) was deployed to model the isolated and synergistic impacts
of the varying emission spectra and illuminance levels during Phase 1. When statistically
significant variations were detected, Tukey’s Honestly Significant Difference (HSD) post
hoc test was executed to isolate discrete pairwise deviations, with statistical significance
firmly established at p < 0.05.

3. Results
3.1. Quantification of Abiotic Mass Transport Boundaries and System Calibration

Before analyzing the photosynthetic capacity of the Leptolyngbya sp. culture, it was
necessary to map the strictly physical gas-liquid mass transfer constraints of the 2.0 L
reactor. This baseline calibration ensures that biological CO, uptake is mathematically
isolated from the passive dissolution of carbon gas into the uninoculated BG-11 fluid.
Operating the continuous mechanical sparging system at 0.5 vvm (1.0 L min~!) generated
a superficial gas velocity (Ug) of roughly 1.75 x 10> m s~ 1.

During the preliminary 24-h abiotic calibration, injecting a continuous 5000 ppm CO,
gas stream produced a stabilization profile governed completely by the gas-liquid concen-
tration gradient. The uninoculated BG-11 medium reached steady-state carbon saturation
rapidly. After equilibrium was established, the continuous exhaust stream stabilized at
4630 4 110 ppm. Consequently, the maximum physical carbon depletion driven purely by
abiotic dissolution was established at a steady differential of 370 4= 14 ppm, representing
a 7.4% decrease from the 5000 ppm inlet load. Throughout all temporal checkpoints and
independent replicates (1 = 3), standard deviations were tightly maintained within 2-5% of
the average recorded values (Figure 2).

5200 @ CO, Concentration (ppm)
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Figure 2. Non-biological 24-h transient CO, decay profile determining the equilibrium saturation
threshold of sterile BG-11 medium (n = 3).

To confirm that this physical baseline would hold steady throughout the prolonged
timeline mandated for Phase 2, an extended 20-day abiotic longevity trial was conducted.
Under continuous 5000 ppm sparging, the physical mass transfer boundaries proved
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highly consistent, logging an average continuous abiotic CO, dissolution differential of
387.6 + 13.5 ppm (Figure 3). This low variance confirms the mechanical reliability of the
aeration hardware, proving that daily operations do not induce saturation drift. For all en-
suing biological trials, this specific abiotic diffusion limit was systematically deducted from
the gross CO, concentration measurements. Therefore, any carbon reduction measured
beyond this threshold is exclusively credited to the active photobiological assimilation
mechanisms of the Leptolyngbya sp. matrix.

m Start CO, (ppm)  mEnd CO,(ppm) m CO,Absorbed (ppm)

L

Figure 3. Extended 20-day evaluation of abiotic CO, dissolution stability under repeated daily

CO, Concentration (PPM)

injections of 5000 ppm (1 = 3).

3.2. Phase 1: Influence of Optical Parameters on Carbon Assimilation Dynamics

Once the abiotic mass transfer constraints were defined, Phase 1 proceeded to measure
the macroscopic carbon fixation kinetics generated by the Leptolyngbya sp. catalyst. To deter-
mine the absolute bio-mediated assimilation rates, the raw exhaust depletion data was math-
ematically corrected by subtracting the established 370 ppm physical dissolution baseline.

3.2.1. Impact of Illuminance Levels

Initially, the cyanobacterial system was exposed to a gradient of light intensities (2500,
5000, 10,000, and 15,000 lux) utilizing White LEDs to pinpoint the onset of photosynthetic
saturation. The empirical data outlined a positive, non-linear relationship between incident
photon supply and CO; removal. Operating at the minimum tested intensity of 2500 lux
yielded a gross steady-state differential of 1270 £ 58 ppm, translating to a net biological
carbon fixation of 900 ppm.

Carbon assimilation velocity accelerated as illuminance escalated (p < 0.05). The
10,000 lux setting drove a highly efficient assimilation profile, drawing the 5000 ppm
continuous inlet load down to an exhaust concentration of 2880 ppm. This corresponds to
a gross atmospheric reduction of 2120 £ 82 ppm, leaving a net bio-mediated assimilation
of 1750 ppm. Pushing the intensity higher to 15,000 lux resulted in a gross depletion
of 2300 + 95 ppm (net 1930 ppm), but these marginal gains signaled the beginning of
photosystem saturation and diminishing metabolic efficiency. As a result, the 10,000 lux
threshold was analytically selected as the optimal baseline for spectral evaluation (Figure 4).

3.2.2. Influence of Emission Spectra

To gauge how spectral quality dictates carbon fixation efficiency, the cyanobacterial
matrix was illuminated using distinct LED wavebands (Red, Blue, Green, and White) fixed
at the 10,000 lux optimum. The resulting kinetic profiles varied heavily depending on the
supplied optical spectrum.
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Figure 4. Kinetic CO, decay profiles from Phase 1, illustrating biological performance across varying
irradiance limits over a 24-h cycle (n = 3).

The Leptolyngbya sp. culture demonstrated superior assimilation kinetics under the
narrow-band Red LED array. The red spectrum drove the 5000 ppm CO, inlet load down
to a steady-state exhaust of 2230 ppm. This gross depletion differential of 2770 £ 95 ppm
(representing a net biological assimilation of 2400 ppm) significantly outpaced both the
standard White LED control (gross depletion: 2120 & 82 ppm, p < 0.05) and the Blue LED
array (gross depletion: 1570 £ 65 ppm, p < 0.05).

In contrast, the Green LED spectrum triggered a severe drop in conversion efficiency.
Gross CO; depletion under green light plateaued at just 600 & 32 ppm. After accounting for
the abiotic baseline, the absolute biological assimilation was merely 230 ppm, constituting
an 88.7% decline in photobiological effectiveness when benchmarked against the red
spectrum (p < 0.05). These assimilation metrics provide the fundamental mathematical
justification for deploying the Red spectrum at 10,000 lux as the primary operational
configuration for the Phase 2 longitudinal stability trials (Figure 5).

—e—Red (ppm) —e—Blue(ppm) —e—White(ppm) —e—Green(ppm) —e— Abiotic Control

6000

5000

N
o
S
=3

CO, Concentration (PPM)
N w
o o
o o
o o

1000

Hours

Figure 5. Phase 1 kinetic CO, depletion curves evaluating discrete spectral wavelengths over
24h (n =23).

3.3. Phase 2: Extended Bioprocess Stability and Continuous Carbon Fixation

To determine the prolonged functional durability of the biomass-generation sys-
tem, the Leptolyngbya sp. biomass underwent a twenty-day continuous endurance
trial. The operational environment was locked to the optimized Phase 1 settings (Red
LED array at 10,000 lux), and the system was subjected to a continuous 5000 ppm
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CO, feed. The long-term carbon capture profile was characterized by three distinct ki-
netic stages: initial metabolic adjustment, maximum assimilation velocity, and ultimate
steady-state equilibrium.

3.3.1. Initial Adjustment and Maximum Assimilation Velocity (Days 1-11)

Over the first three days of acclimation, the photobioreactor maintained a stable base-
line, achieving a mean gross CO; reduction of 2658 £ 95 ppm. Proceeding past Day 3, assim-
ilation rates surged as the cyanobacterial network fully adapted to the high-concentration
carbon load. Peak system efficiency occurred on Day 10, logging an absolute gross reduc-
tion differential of 3725 £ 142 ppm. By factoring out the specific 404 ppm abiotic baseline
recorded for that day, the peak biological fixation was calculated at 3321 ppm. Throughout
this high-efficiency window (Days 7-11), the biologically active Leptolyngbya sp. success-
fully sequestered more than 65% of the continuous 5000 ppm CO; inlet load.

3.3.2. Biomass Densification and Steady-State Equilibrium (Days 12-20)

Following Day 11, the carbon fixation profile exhibited a controlled decline. Gross
CO;, reduction decreased from 3410 + 128 ppm on Day 12 down to 2650 £ 105 ppm by
Day 15 (Figure 6). This kinetic drop is a highly predictable bioprocess consequence: as
the filamentous network proliferates heavily, optical self-shading occurs, restricting the
volumetric incident photon flux (I,,s) capable of penetrating the radial core of the reactor.

s Start CO, (PPM) s End CO, (PPM) s CO, Absorbed (PPM)

5000

I
o
=3
S

3000

2000

CO, Concentration (PPM)

1000

1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20
Day

Figure 6. Extended 20-day CO, mitigation profile of the Leptolyngbya sp. matrix operating under
the optimized Red LED (10,000 lux) parameters. The red curve illustrates the gross daily CO,
sequestration (1 = 3).

Even under severe optical limitation, the biological matrix resisted structural failure.
Between Days 16 and 20, the Leptolyngbya sp. system transitioned into a stable operational
plateau, with gross carbon depletion leveling out at a consistent 2515 £ 98 ppm. When
adjusted for abiotic diffusion, the continuous biological sequestration rate stabilized at
2120 ppm. This sustained equilibrium confirms the operational resilience of the continuous
bioprocessing system.

3.4. Extended Biomass Accumulation and Intracellular Pigment Dynamics

Daily assessments of dry cell weight (DCW) and intracellular chlorophyll a lev-
els were conducted to confirm the biological vitality and physical durability of the
Leptolyngbya sp. culture.
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3.4.1. Gravimetric Cellular Proliferation

Originating from a normalized baseline density of 0.30 + 0.01 g L~!, the culture’s
growth dynamics followed a classic sigmoidal pattern under high-carbon stress. The
primary metabolic adjustment window (Days 1-3) yielded minor cellular multiplication,
reaching 0.40 + 0.02 g L~ !. Beginning on Day 4, the cyanobacteria transitioned into rapid
exponential proliferation, fully exploiting the continuous CO, supply and the fortified
nitrogen medium. Cellular mass surged from 0.75 & 0.03 g L~! on the fourth day to
3.00 + 0.12 g L~ by Day 11. Between Days 15 and 20, the entangled filamentous net-
work plateaued into a stable stationary state, narrowly resting between 3.28 + 0.14 and
3.31 £0.15 g L~! (Figure 7).

m Dry Cell Weight

3.5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
D,

ay

N
o

Dry Cell Weight Concentration (g/L)
-
v N

[

o
12

Figure 7. Continuous 20-day evaluation of cellular proliferation quantified via Dry Cell Weight
(DCW) (n = 3).

3.4.2. Intracellular Pigment Evolution

The temporal profile of intracellular chlorophyll a disconnected completely from the
overall biomass trajectory during the experiment’s final phase. Synthesis of this valuable
biorefinery co-product surged alongside early cellular replication, climbing from a baseline
of 1.3 4 0.05 mg L~ to an absolute maximum of 26.0 + 1.1 mg L~! by Day 10. Notably,
this biochemical zenith coincides exactly with the highest gross carbon reduction observed
on that day (Figure 8).

In stark contrast, as the reactor density shifted into the stationary plateau (exceeding
a DCW of 3.0 g L™!), pigment generation collapsed. Beginning on Day 11 and contin-
uing through Day 20 (13.7 & 0.6 mg L), chlorophyll a concentrations experienced a
steep, linear decline. Crucially, this 47% decrease from the Day 10 maximum did not
precipitate a corresponding drop in cellular mass; the overall DCW remained consistent
at ~3.30 g L~!. For downstream biorefining applications, this characterization dictates
that biomass must be harvested prior to this stationary phase to maximize the recovery of
high-value co-products.

3.5. Bioenergetic Analysis and Reactor-Scale Photon Utilization

The empirical kinetic data were converted into macroscopic reactor efficiency indi-
cators utilizing the continuous steady-state volumetric equations defined in Section 2.7.
Initial photometric lux measurements were transformed into Photosynthetic Photon Flux
Density (PPFD) utilizing precise spectral power conversions.
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Figure 8. 20-day temporal progression of intracellular chlorophyll a concentrations (1 = 3).

3.5.1. Phase 1: Irradiance Saturation Thresholds

While scaling illuminance produced a linear rise in volumetric incident photon
flux, the corresponding Apparent Quantum Efficiency (®co,) displayed a negative
correlation. Operating at 2500 lux yielded the greatest photon conversion efficiency
(2.83 x 1072 mol/mol). Advancing to 10,000 lux provided (Table 1) the optimal energetic
compromise, driving robust volumetric carbon fixation while preserving strong utilization
efficiency (1.38 x 103 mol/mol) (Table 1).

Table 1. Reactor-level photon utilization efficiencies across varying Phase 1 irradiance intensities.

Intensity (lux) PPFD Rco, (®co,)
2500 375+ 1.1 0.42 £+ 0.02 283+0.112
5000 75.0 £ 2.2 0.66 £+ 0.03 271+£0.102
10,000 (Selected condition) 150.0 = 4.5 0.83 &+ 0.06 1.38 £0.06 P
15,000 2250 £ 6.7 0.91 £ 0.07 1.01 +£0.05°¢

Note: Data presented as mean & SD (n = 3). Superscript letters indicate statistically significant
differences (p < 0.05) evaluated via one-way ANOVA and Tukey’s HSD.

3.5.2. Phase 1: Spectral Waveband Optimization

Following intensity optimization, the system was subjected to discrete spectral wave-
lengths at the fixed 10,000 lux setpoint. Integrating the empirical conversion factors and
continuous AC differentials confirmed the Red emission spectrum as the optimal condition.
Under red illumination, the Apparent Quantum Efficiency reached 1.49 x 10~2 mol/mol,
driving a mathematically superior absolute carbon assimilation rate compared to the White
control (Table 2).

3.5.3. Phase 2: Temporal Evolution of System Efficiency

Maintaining the Red LED parameters over the 20-day cultivation period revealed
that photon utilization efficiency is highly dynamic. On Day 10, the system achieved
its highest measured dynamic efficiency, recording an Apparent Quantum Efficiency
of 2.07 x 1073 mol/mol—a substantial increase over the initial Phase 1 baseline. By Day
20, as optical self-shading took full effect, the efficiency mathematically plateaued at
1.32 x 1073 mol/mol (Table 3).
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Table 2. Spectro-radiometric carbon-capture efficiencies of Leptolyngbya sp. at the 10,000 lux baseline.

Light Spectrum PPFD Rco, (®co,)
Red (Selected condition) 190.0 £ 5.7 1.13 + 0.03 1.49 +0.062
White 150.0 + 4.5 0.83 £ 0.02 1.38 + 0.06 P
Blue 210.0 £ 6.3 0.57 £ 0.02 0.68 £ 0.03 ¢
Green 120.0 £ 3.6 0.11 £ 0.01 0.23 +£0.014

Note: Data presented as mean + SD (n = 3). Superscript letters indicate statistically significant
differences (p < 0.05).

Table 3. Temporal variation in Apparent Quantum Efficiency (AQE) (®p,) across the 20-day
Phase 2 longitudinal stress trial (Red LED, 10,000 lux).

Phase 2 Milestone Net SP(I)’Zm ABS:;Ilill)a tion (x10-5 ﬁg?ﬁn “34-1) Pco, (x10—3 mol/mol)
Day 1 (Acclimation) 2260 1.07 £ 0.03 1.41 £+ 0.05

Day 10 (Peak Velocity) 3321 1.57 £+ 0.05 2.07 + 0.08

Day 20 (Steady-State) 2090 1.00 + 0.03 1.32 + 0.05

Note: Data presented as mean =+ SD (n = 3).

4. Discussion
4.1. Spectro-Radiometric Optimization and Phycobilisome Excitation Dynamics

The spectro-radiometric screening in Phase 1 demonstrated that narrow-band Red LED il-
lumination delivered the highest Apparent Quantum Efficiency (@co, = 1.49 x 10~2 mol/mol)
for the Leptolyngbya sp. matrix, outperforming both broad-spectrum White and monochro-
matic Blue configurations. This photonic response is intrinsically governed by the special-
ized light-harvesting architecture of cyanobacteria. Unlike eukaryotic green microalgae,
which rely predominantly on membrane-bound chlorophyll-protein complexes, cyanobac-
teria utilize extrathylakoidal antenna complexes termed phycobilisomes (P’BS). The core
and rod sub-elements of PBS—primarily composed of phycocyanin (A,x =~ 620 nm) and
allophycocyanin (A = 650 nm)—exhibit maximum optical absorption within the red
waveband, facilitating efficient excitation energy transfer directly into the reaction centers
of Photosystem II [21].

While cyanobacteria possess the capacity for Complementary Chromatic Adaptation
(CCA) to alter internal pigment stoichiometry under shifting light environments [46,47], the
Blue LED array yielded a markedly lower reactor-scale photon efficiency
(Pco, = 0.68 x 1073 mol/mol). Under blue wavelengths, a substantial fraction of
absorbed photons is intercepted by non-photosynthetic carotenoids or dissipated as
non-photochemical quenching, creating a suboptimal ratio of total photon capture to car-
bon reduction chemistry [48,49]. Furthermore, the severe kinetic suppression observed
under Green LEDs (®cp, = 0.23 x 10~3 mol/mol) confirms that green photons largely
bypass the primary absorption bands of this strain’s PBS rods. Selecting narrow-band Red
illumination aligns photon delivery with the biological absorption spectrum, maximizing
volumetric carbon fixation rates (Rco, = 1.13 x 10~° mol m~3 s~ ') while minimizing
wasted electrical irradiance [23].

4.2. Extended Operational Endurance, Photoprotective Down-Regulation, and Matrix Resilience

Long-term bioprocess stability requires physiological adaptation to continuous
high-carbon saturation. Over the 20-day Phase 2 endurance trial, the Leptolyngbya sp.
culture maintained steady biological carbon assimilation (~2120 ppm day ') despite a
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47% reduction in intracellular chlorophyll a after Day 10. In dense phototrophic suspen-
sions, such pigment attenuation is a well-documented physiological response to optical
self-shading [24,25]. As dry cell weight approached the stationary plateau (3.30 g L '), the
elevated cellular packing density increased light attenuation across the radial profile of
the reactor. By down-regulating peripheral chlorophyll antennae, the outer cell layers miti-
gated photo-oxidative stress and reactive oxygen species (ROS) formation, while facilitating
deeper photon penetration into the reactor core [26].

The structural persistence of the culture under repetitive 5000 ppm CO; dosing is
directly attributable to its filamentous morphology and protective extracellular poly-
meric substance (EPS) matrix. The dense EPS sheath acts as a physical and chemi-
cal buffer, mitigating localized pH swings caused by carbonic acid formation during
direct gas sparging [19,20]. This protective barrier prevented the cellular lysis and
auto-flocculation that frequently destabilize unicellular microalgae under severe carbon
loading [50,51], confirming Leptolyngbya sp. as an exceptionally robust catalyst for continu-
ous indoor bioprocessing.

4.3. Kinetic Benchmarking Against Contemporary Biological Platforms

Juxtaposing the performance of the Leptolyngbya sp. photobioreactor against pub-
lished indoor air remediation and carbon capture systems highlights significant kinetic
advantages. The majority of bench-scale indoor biofilters deploy single-celled chlorophytes,
such as Chlorella vulgaris or Scenedesmus obliquus, operated under ambient atmospheric
conditions (~400 ppm CO,). These eukaryotic systems typically achieve stationary biomass
densities between 1.0 and 2.0 g L~! and exhibit carbon removal velocities rarely exceeding
800-1200 ppm day ! [17,18]. Furthermore, when exposed to sudden, elevated CO, spikes,
unicellular chlorophytes often suffer from kinetic inhibition due to unbuffered medium
acidification, which impairs Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)
activity [16,52].

In contrast, the direct-injection Leptolyngbya sp. system achieved a stationary biomass
density of 3.30 g L~ !—representing a 1.6- to 3.3-fold increase over conventional indoor
chlorophyte platforms [17,18]. The peak biological fixation velocity recorded on Day 10
(3321 ppm day~!) and the steady-state mitigation rate (~2120 ppm day ') significantly
exceed the continuous performance of compact microalgal reactors documented in the
recent literature [18,53]. This performance is driven by the synergistic combination of
direct-injection gas-liquid mass transfer, spectral matching via PBS antennae, and the
pH-buffering capacity of the cyanobacterial EPS matrix [20,21]. Furthermore, integrating
continuous indoor atmospheric remediation with zero-dilution, waste-to-resource plat-
forms allows for simultaneous high-density biomass accumulation and the recovery of
circular bioeconomy co-products [54].

4.4. Architectural Scale-Up Modeling, Appliance Footprint, and Auxiliary Integration

To bridge the gap between bench-scale kinetics and practical built-environment
deployment, the empirical mass-transfer rates must be projected onto a standard
architectural scenario [14,55]. As commercial architecture rapidly adopts zero-waste
frameworks—utilizing upcycled industrial waste for high-performance thermal insulation
and ceiling composites [56]—the integration of active biological air-polishing appliances
provides a necessary atmospheric counterbalance for these highly sealed environments.
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Applying the true continuous volumetric carbon fixation rate demonstrated
by the Leptolyngbya sp. reactor under steady-state direct-injection operation
(Rco, = 0.062 mol L1 day—!):

Daily Human Metabolic CO, Output (mol day 71)

Volumetric Fixation Rate (mol L ' day™!)

Vreq =

For an 8-h occupancy period generating roughly 6.1 mol of CO,, maintaining ambient
concentrations below the ASHRAE 1000 ppm threshold requires an active culture working
volume (V) of approximately 98.4 L. Structuring this 100 L volume into a modular,
flat-panel or annular vertical array (e.g., thickness: 0.10 m, height: 1.50 m, width: 0.66 m)
yields a total physical equipment footprint of just 0.066 m? of floor area, easily satisfying
spatial constraints for indoor deployment.

To function reliably as a standalone indoor appliance, the biological reactor must
integrate dedicated auxiliary systems [57,58]:

e  Direct-Injection Aeration: A low-noise, variable-speed diaphragm sparging pump
(1.0-1.5 vvm) coupled to fine-bubble micro-porous diffusers to ensure optimal gas
residence time.

e  Optoelectronic Array: A high-efficiency Red LED array (A ~ 660 nm) delivering
150-190 pmol m~2 s~! PPFD, mounted with passive heat sinks to prevent thermal
transfer to the culture.

e  Atmospheric & Process Control: An integrated NDIR CO,/RH/temperature sensor
module connected to an automated feedback controller to modulate sparging velocity
based on real-time room occupancy.

e HVAC Coupling: Inlet and exhaust manifolds designed to connect directly into the
dedicated return-air plenum of local fan coil units, enabling continuous air polishing
without imposing parasitic drag on the building’s central air handling unit [9].

4.5. Downstream Biorefinery Trajectories and Operational Constraints

Establishing economic viability within a circular bioeconomy requires coupling in-
door carbon abatement with high-value co-product recovery [1,2]. The kinetic decou-
pling between dry cell weight (3.30 g L~!) and chlorophyll a content (13.7 mg L~ at
Day 20 vs. 26.0 mg L~! at Day 10) establishes a definitive operational guideline: operating
in a continuous batch mode past Day 10 degrades high-value pigment yields by 47%. Con-
sequently, commercial systems should implement a semi-continuous turbidostat harvesting
regime, maintaining biomass density near 3.0 g L~! by periodic harvesting to maximize
both volumetric carbon mitigation and the extraction of high-value pigments (chlorophyll
a and C-phycocyanin) [24,53]. Following optimal harvesting, the recovered biomass can
be further processed or subjected to targeted metabolic shifts to generate functionally
enhanced, phytotoxicity-free bio-fertilizer feedstocks for sustainable agriculture [59,60].

A primary engineering constraint identified in continuous indoor photobioreactors is
the electrical power required for continuous artificial illumination [57,61]. Future iterations
must explore high-frequency pulsed LED illumination synchronized with the millisecond
turnover kinetics of Photosystem II reaction centers, which can reduce parasitic lighting
power loads by 30-50% without compromising biomass productivity [23,62]. Additionally,
while pure CO; was utilized here for kinetic precision, authentic indoor microclimates con-
tain complex mixtures of volatile organic compounds (VOCs) and particulates, necessitating
long-term field validation under authentic occupant loading conditions [8,57].
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5. Conclusions

This study validates the structural and kinetic superiority of a direct-injection
Leptolyngbya sp. photobioreactor for continuous indoor CO, abatement and biomass val-
orization. By transitioning from passive diffusion models to continuous gas sparging, this
system overcomes traditional mass-transfer bottlenecks. Spectro-radiometric optimization
confirmed that aligning narrow-band Red LED emission with cyanobacterial phycobili-
somes significantly maximizes Apparent Quantum Efficiency (®co,), peaking dynamically
at 2.07 x 102 mol/mol.

Subjected to continuous 5000 ppm CO; dosing, the EPS-rich filamentous matrix ac-
tively buffered localized acidification, completely preventing the culture collapse typ-
ical of indoor chlorophyte systems. Supported by nitrogen fortification, the matrix
achieved a stationary density of 3.30 g L™! and a steady-state continuous mitigation
rate of ~2120 ppm day~!. The 47% drop in intracellular chlorophyll a following Day 10
defines the absolute temporal boundary for commercial harvesting to maximize high-value
biorefinery yields prior to optical self-shading.

Architectural scale-up calculations prove that maintaining standard indoor microcli-
mates below ASHRAE thresholds can be accomplished using an 85-90 L modular appliance
requiring less than 0.25 m? of floor space. Subsequent engineering efforts must prioritize
high-frequency pulsed LED illumination to minimize the parasitic electrical load, paving
the way for commercially viable, decentralized circular biorefining.
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