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Abstract

The production of Nitrocellulose (NC) generates wastewater containing insoluble fines
which can be solubilized via alkaline hydrolysis (AH). However, this process yields effluents
with high NO,-N and NOs3-N concentrations (3:1 ratio), opening the possibility of further
treatment and nutrient recovery. This study investigated the ecotoxicity and algae-based
treatment potential of post-AH liquor as a proof of concept for wastewater management.
Ecotoxicity assessments such as microalgal and Microtox® bioassays showed 30% toxicity
(corresponding to 240-270 mg NO,-N/L and 100 mg NO3-N/L) and a 15 min EC50
of 331-399 mg NO,-N/L and 133-146 mg NO3-N/L, respectively. Additional studies
on toxicity identified nitrite (NO, ™) as the primary toxicant, inhibiting the freshwater
microalga Scenedesmus obliquus at concentrations higher than 60 £+ 5 mg N/L. Furthermore,
higher toxicity was observed in the presence of sodium and nitrate. Consequently, growth
screening tests using synthetic liquors (20-300 mg TN /L, with NO,-N:NOg3-N ratio 3:1)
compared S. obliqguus against the marine microalga Nannochloropsis salina, revealing that S.
obliquus thrived at concentrations below 160 mg N/L, whereas N. salina performed poorly.
System efficiency was shown to be highly dependent on the initial nitrogen load; S. obliquus
achieved 60% removal at 200 mg/L total nitrogen (3:1 NO,-N:NOs3-N), whereas efficiency
reached 99% at concentrations less than or equal to 100 mg/L within seven days. Nitrogen
removal rates peaked at 15 mg/(L-day) (at <160 mg TN/L), a result validated through
scale-up experiments using both monoculture and a consortium with post-AH liquor. These
preliminary findings demonstrate a promising two-step chemical and biological treatment
strategy for NC wastewater, which assimilates hazardous inorganic nitrogen into valuable
algal biomass for potential energy production.

Keywords: cellulose nitrate; chemical and biological treatment; aquatic toxicity; nitrogen
removal rates; phycoremediation; waste management; sustainability; bioeconomy

1. Introduction

Cellulose nitrate or Nitrocellulose (NC) is a fibrous solid, highly flammable compound,
insoluble in water, with multiple uses in medicine, research, coating and munitions indus-
tries, amongst others [1,2]. The manufacturing of NC generates wastewater streams laden
with this insoluble organic polymer and other inorganic elements, predominantly nitrogen,
that require further treatment prior to their release into adjacent water bodies.

The degradation of Nitrocellulose (NC) wastewater has been extensively explored
through various physical, chemical, and biological frameworks. Conventional approaches
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include thermal decomposition, chemical precipitation, acid/alkaline hydrolysis, and
solid-state fermentation via composting [3,4]. Recent advancements have shifted toward
integrated treatment systems, such as coupling photolysis with fungal remediation or
combining chemical decomposition with biological denitrification, to enhance overall
degradation efficiency [3,4].

While some methods are often expensive, others are limited by long reaction times
and lower effectiveness. Among all the methods stated earlier, alkaline hydrolysis (AH)
has emerged as a particularly effective chemical treatment for the safe destruction and
separation of NC fines from industrial streams [5-8]. AH yields digested liquors that are rich
in nitrogenous compounds, specifically nitrite (NO, ™) and nitrate (NO3 ™), which typically
form at a consistent 3:1 ratio regardless of temperature, alkalinity, or reaction time [5]. While
these liquors present a significant opportunity for resource valorization through biological
systems, their high nitrogen concentrations necessitate targeted secondary treatment to
meet stringent regulatory discharge standards.

The disposal of nitrogen-rich effluents can accelerate eutrophication, contributing to
algal blooms and hypoxic zones that alter aquatic ecosystems [9]. Additionally, elevated
nitrate and nitrite levels present potential toxicity risks to aquatic life, as well as human
health concerns if drinking water sources are impacted. To protect watersheds, the US Envi-
ronmental Protection Agency (EPA) establishes guidelines through the National Pollutant
Discharge Elimination System (NPDES), typically limiting total nitrogen (TN) effluent dis-
charge to 5-20 mg N /L and capping nitrate at 10 mg/L as N [10]. Consequently, developing
efficient methods to meet these regulatory standards remains an important objective.

Nitrogen treatment approaches typically rely on either physicochemical methods
such as ion exchange, advanced oxidation processes and ammonia stripping or biological
configurations like nitrification-denitrification or partial denitrification/anammox, among
others. While these established technologies are effective at reducing nitrogen loads to meet
regulatory baselines, they generally focus on contaminant removal or destruction rather
than resource recovery. Consequently, most competing systems do not generate biomass
feedstock, contrasting with the dual remediation and biomass-generation pathways offered
by microalgae-based frameworks [11-13].

In recent years, microalgae-based biotechnologies have developed as a viable ap-
proach for integrated resource recovery in wastewater management. These photosynthetic
microorganisms sequester inorganic carbon (CO;) and assimilate essential macronutrients,
primarily nitrogen (N) and phosphorus (P), for the synthesis of cellular proteins, lipids, and
carbohydrates. This metabolic process facilitates the conversion of nutrient-rich effluents
into bio-based feedstock, thereby integrating pollution mitigation with circular bioeconomy
objectives [14,15]. Consequently, wastewater streams serve as a sustainable feedstock for
biomass synthesis for products and energy generation [16,17]. This dual-purpose approach,
coupling biological treatment with nutrient recycling, transforms potential pollutants into
valuable precursors for biofuels or bioproducts, thereby enhancing the economic viability
of the treatment process.

To the best of our knowledge, this is the first study to investigate the integration of
alkaline hydrolysis and microalgae cultivation for nitrocellulose wastewater remediation.
This work evaluates a closed-loop approach for the valorization of concentrated industrial
nitrogenous waste streams. By linking remediation with resource recovery, this system
targets two key technical objectives: reducing reactive nitrogen concentrations to meet
compliant discharge guidelines for water reclamation and generating an algal biomass feed-
stock for potential downstream applications such as biofuels. Ultimately, this integration
offers an alternative proof-of-concept framework for industrial circular bioeconomies.
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This study evaluates the aquatic ecotoxicity of NC fines liquors generated following
alkaline hydrolysis treatment and elucidates specific toxicants that may inhibit growth.
Because the proposed treatment system relies entirely on microbial nutrient assimilation,
ecotoxicological screening was focused on the functional groups of the bioprocess, such
as primary producers (photosynthetic microorganisms) and bacteria. Additionally, the
research assesses nitrogen removal performance, specific growth rates and biomass pro-
ductivity across multiple laboratory reactor volumes, utilizing both synthetic and post-AH
liquors to ensure scalability and practical relevance. Evaluation of these substrates was
conducted using suspended algal cultures, comparing freshwater and marine pure strains
against a resilient freshwater consortium. Furthermore, an assessment of nitrogen re-
moval rates was performed to determine the metabolic thresholds and kinetics governing
treatment efficiency.

2. Materials and Methods
2.1. Post-Alkaline Hydrolysis (AH) Liquors

Liquors used in this study were generated from the hydrolysis of NC fines (provided
by an industrial base ammunition facility) from both pure (i.e., production grade) and
recovered from wastewater sources (NC-p and NC-w, respectively). In brief, 3% NC fines
were treated with 3% NaOH at 90 °C for 25 min as described by [5,6].

2.2. Toxicity Assessments

A multi-species microbial battery directly assessed the process ecotoxicity relevant to
an algal-bacterial consortium since disruption at this baseline would collapse the remedia-
tion process.

2.2.1. Algal Toxicity Assessments

Toxicity assays followed Organization for Economic Co-operation and Development
(OECD) Guidelines [18] adapted for 24-well microplates [19,20]. Scenedesmus obliguus
(ATCC® 11477™) was cultured in BG-11 medium. Post-AH liquor pH was adjusted
to 7 using 0.1 M/1 M HCI prior to testing. Briefly, cultures were incubated for 4 days
at 25 °C under continuous shaking (120 rpm) and a 14:10 h light:dark photoperiod
(5000 lux/68 umol photons; 5% CO, atmosphere during light phase). An initial cell
density of 1 x 10° cells/mL was used in all tests. Daily biomass (days 0-4) was estimated
via fluorescence at 685 nm (Biotek® Citation 3, Winooski, VT, USA), calibrated against cell
density (Thoma chamber, Fisher Scientific, Waltham, MA, USA; Nikon TMS, Tokyo, Japan)
standard curves. Experimental treatments included sample amendments of 10, 20, 40, 60,
and 80% (v/v) versus a 0% medium-only control (n = 8). Results are reported as mean cell
density (cells/mL £ SD).

Growth inhibition was evaluated by comparing the average specific growth rate
(1, day 1) of treated cultures against unexposed controls (Ctrl). w was calculated using the
linear form of the exponential growth equation:

Ln (C3) —Ln (Cy)

n= ; 1)

where Cy and C3 represent biomass (cells/mL) at time 0 and 3 days, respectively, and ¢ is
time, 3 days.

Toxicity levels were classified based on growth thresholds relative to controls. The
percentage of growth rate inhibition (Inh.) was calculated as follows:

%Inhibition — (e~ M)

He

x 100 (2)
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where L. and p; constitute the average specific growth rates of the control and the test
condition, respectively.

2.2.2. Microtox Acute Toxicity Bioassay

Acute toxicity was assessed using a Microtox® LX analyzer (Modern Water Inc.,
New Castle, DE, USA) following the International Organization for Standardization (ISO)
Standard 11348-3:2007 protocol [21]. This assay measures bioluminescence inhibition
in the marine bacterium Alifvibrio fischeri upon exposure to samples, relative to reagent
blank controls. Lyophilized bacteria were rehydrated and subjected to the “Acute Toxicity
Basic Test” protocol to ensure high precision for samples of unknown toxicity. Prior
to testing, post-AH liquor pH was adjusted to 6.0-8.0 using HCl. Data analysis and
determination of the half-maximal effective concentration (EC50) were performed using
Microtox®OmniLX™ software (v1.3). Sample assessment was performed in duplicate.

2.3. Nitrogen Removal Experiments

Nitrogen removal was evaluated in a batch system using 24-well microplates (3 mL
microreactor working volume) to screen optimal concentrations. Synthetic effluents were
prepared using freshwater medium BG-11 composition with modified N species and con-
centrations by adding NaNO3, NaNO,, and KNO; salts to achieve concentrations in a
3:1 NO2-N:NOs-N ratio, mimicking post-AH liquors. Incubation followed the previously
described parameters in Section 2.2.1 over a 7-day duration, such as 25 °C under contin-
uous shaking (120 rpm) and a 14:10 h light:dark photoperiod (68 pmol photons; 5% CO,
atmosphere during light phase). An initial cell density of 1 x 10° cells/mL was used in
all the tests. An experimental design with 8 initial replicates per concentration facilitated
sacrificial sampling for nitrogen quantification on days 1, 2, 3, and 4, leaving 4 replicates
for the final assessment on day 7. Positive and negative (abiotic) controls were performed
using BG-11 medium with and without inoculation, respectively.

Following screening, post-AH liquors were tested in microplates and scaled up to
250 mL and 1 L flasks (150 and 650 mL working volumes, respectively), where total sus-
pended solids (TSS) were also monitored to evaluate growth kinetics. 0.2-0.6 g/L TSS was
used as inoculum. Flask experiments were performed in triplicate. Nitrogen removal rates
(R; mg N/(L-day)) were calculated as follows:

GG
o f

R €)
where Cy and Cy represent nitrogen concentrations (mg/L) at day 0 and day 7, respectively,
and ¢ is the experimental duration (7 days).

These bioremediation experiments were executed using two distinct pure cultures:
the freshwater species Scenedesmus obliquus and the marine species Nannochloropsis salina
acclimated to brackish water (5%o salinity). To evaluate the efficacy of complex microbial
interactions against pure strain performance, a resilient freshwater consortium including
single-cell and filamentous algae and cyanobacteria (comprising Scenedesmus spp., Chlorella
sp., Chlorococcum sp., Coelastrum sp., Stigeoclonium sp., Dictyosphaerium sp., Ankistrodesmus
sp., Ulothrix sp. and Oscillatoria sp.) as described in [17,22] was also employed as a biore-
mediation executor. This multi-species approach allowed for the assessment of taxonomic
resilience and nutrient uptake kinetics across diverse aquatic environments.

The experimental methodology performed in this study is presented in Figure 1.
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Figure 1. Experimental methodology pipeline within this study. The sequential process details
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the characterization and ecotoxicity profiling of post-alkaline hydrolysis (AH) liquors, followed
by neutralization, dilution and microalgae inoculation for subsequent bioremediation treatment,
utilizing pure microalgae and algal-bacterial consortia to yield treated effluent and harvested biomass.

2.4. Analytical Methodology

Nitrate (NO3; ™) and nitrite (NO, ™) concentrations were quantified via ion chromatog-
raphy (Dionex IonPac® AS16, Dionex, Sunnyvale, CA, USA, 4 mm x 250 mm with AG16
guard column, Dionex, Sunnyvale, CA, USA, 4 mm x 50 mm), and pH was measured
using an Oakton® PC700 (Cole Palmer, Vernon Hills, IL, USA). Total organic carbon (TOC)
was measured with a Tekmar Fusion UV-Persulfate TOC Analyzer (Teledyne Tekmar, Ma-
son, OH, USA). Waters Micromass ZQ mass spectrometer equipped with an electrospray
ionization source (Waters, Milford, MA, USA) was used to scan NC post-AH liquors. Dry
biomass was determined by measuring the total suspended and volatile solids (TSS and
VSS, respectively, in g/L) following the standard method APHA-AWWA-WEF 2540 D [23].

The graphical abstract was generated by using the author’s pictures and an artificial
intelligence (AI) image generator and photo editor Nano Banana 2 (v3.1) (Google’s Gemini).

2.5. Statistics

Results are presented as mean =+ standard deviation of four to eight replicates for
microcosmos tests and three replicates for scale-up tests. Paired data were evaluated using
Student’s t-test and analysis of variance to determine differences between the experimental
treatments. Statistical significance was evaluated at an alpha level of « = 0.05. All statistical
analyses were performed using Sigmaplot® Software version 14.0.

3. Results
3.1. Assessment of Post-Hydrolysis Liquors

The chemical composition of the post-AH liquors is summarized in Table 1. The hy-
drolysis process typically yields NO, ™ and NO3 ™~ in a 3:1 ratio, with the resulting effluents
characterized by an intense red /brown coloration as described by [5,6]. Moreover, other
organic carbon compounds could be present due to incomplete mineralization (Table 1).
Electrospray Ionization Mass Spectrometry (ESI-MS) results from NC post-AH liquors,
Figure A1, confirmed the results. The basic pH (13) obtained was adjusted to 7 prior to
toxicity assessments and growth tests.

Table 1. Characterization of NC fines post-AH liquors.

Post-AH Liquor NO3-N, mg/L NO;-N, mg/L TOC, mg/L
NC-p 1001 £ 10 2736 + 20 8218 + 80
NC-w 950 +9 2366 + 40 8284 £ 56

TOC: total organic carbon. Samples were analyzed in triplicate.
The algal toxicological assessment of NC post-AH liquors using S. obliquus is presented

in Figure 2. Compared to unexposed controls, only the 10% (v/v) liquor amendment
allowed algal growth, while higher concentrations resulted in complete cessation of biomass
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production. Specifically, the 10% amendment (around 240-270 mg NO,-N/L and 100 mg
NO3-N/L) resulted in growth rate inhibition of 30% for liquors obtained from NC-p and
40% for NC-w.
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Figure 2. Algal toxicological assessment of NC post-AH liquors from NC-p (a) and NC-w (b). Results
represent the mean of 8 replicates + standard deviation.

Regarding the Microtox® bioluminescence assay, liquors derived from AH of NC-p
exhibited a 15-min EC50 of 399 mg NO,-N/L (95% Confidence Interval, CI: 370-429) and
146 mg NO3-N/L (95% Cl:135-157) (R? = 0.99481), while liquors obtained after AH of
NC-w showed a comparable 15-min EC50 of 331 mg NO,-N/L (95% CI: 277-397) and mg
133 NO3-N/L (95% CIL:111-160) (R? = 0.9724). The narrow range between the values
obtained for toxicity assessments of NC-p and NC-w liquors indicates that the source of the
NC fines (pure vs. wastewater-recovered) does not significantly alter the acute chemical
toxicity of the resulting hydrolysis liquor.

3.2. Toxicity Assessment of Nitrogen Species

To elucidate the specific chemical drivers of toxicity, growth assays were performed on
individual and combined nitrogen species. S. obliquus displayed high tolerance to nitrate,
maintaining robust growth at concentrations up to 1130 mg N/L (Figure 3a) and 1858 mg
Na*/L (Table 2). In contrast, nitrite was identified as the primary toxicant. To confirm that
this effect was driven by the nitrite anion rather than associated cations, sodium nitrite and
potassium nitrite were tested separately (Figure 3c,d). Both salts produced comparable
inhibition levels (16% and 12% for Na* and K*, respectively, p = 0.160), ruling out cation
interference (Table 2). Interestingly, the combination of these nitrogen species and sodium
(Figure 3b) resulted in a higher growth inhibition of 25% compared to the 12-16% observed
with nitrite alone. A paired t-test of the underlying growth data confirmed that this increase
in inhibition was statistically significant, with the mixture yielding lower cell densities
than pure NaNO, (one-tailed p = 0.047). This suggests that while nitrate does not cause
toxicity on its own at these concentrations, its presence in a mixed stream may compound
the inhibitory effect of nitrite.

https:/ /doi.org/10.3390/ cleantechnol8040103


https://doi.org/10.3390/cleantechnol8040103

Clean Technol. 2026, 8, 103

7 of 17

<121 a-NO3- N (NaNO3) 12 1 b - NO3- N & NO,- N (NaNO3 & NaNO,)
=
< 1.0 /;é 1.0 - :
- Z ) @ Ctrl @ s
< -@- Ctrl, 247 Pl e o 30 @
w 0.8 |-@ 225 ,;2?’ 0.8 {|-v- 60 v #
= ~Y- 450 7/, -A- 90 ; &
3 —A- 680 4 @ 120 ¢ v
= 0.6 { | -® 900 i 0.6 1| o 150 s >
2 —-@- 1130 / s %
] 7 o 7
S 041 y i 0.4 v
[a] /45 /// %//
3 02 _,‘/?” 0.2 ”’%ij ol
T == g B A
0.0 T - - \ - 0.0 ? 4 : -
0 1 2 3 4 0 2 3 4
] -NO5- N (NaNO 1 d - NO5- N (KNO
< 12 ¢ -NO2- N (NaNOy) g 1.2 2- N (KNOy) é
£
© 1.0 1 1.0 -
o . .
5 §-— 4 & /X
» 0.8 ~ 3 s 0.8 - 4o 2
© Z” ™ A A
) | /4 /é ] 77 3
> 0.6 /é/ o 0.6 /9 .
2 04 - 7 0.4 S .
8 /// /5 /// ///‘
E, 0.2 /,/jjji://// 0.2 //:::ij/‘//
===----u 8 B e B B §
0.0 E!} T T T T 0.0 CI] :
0 1 2 3 4 0 2 3 4
Time (days) Time (days)
Figure 3. Testing nitrite, nitrate, and their combination in microalgal culture media: (a) different con-
centrations of nitrate, (b) different concentrations of nitrite in nitrate medium (BG-11), (c¢,d) different
concentrations of nitrite from sodium nitrite and potassium nitrite salts (no nitrate added). All
concentrations (legends) are expressed as mg N/L.
Table 2. Sodium (Na*) and potassium (K*) concentrations in controls (Ctrl) and tests in Figure 3.
Concentration, mg N/L (Label in Figure 3a,d)
- Ion Ctrl 225 450 680 900 1130
Figure 3a Na* 410 375 746 1117 1487 1858
Ctrl 30 60 90 120 150
Figure 3b Na* 410 460 510 560 610 660
Figure 3c Na* 410 54 104 154 204 254
Figure 3d Na™* 410 4 4 4 4 4
K* 9 94 179 264 349 434

3.3. Nitrogen Removal Dynamics in Suspended Algal Systems

After determining the main drivers for toxicity, synthetic liquors mimicking the N

species concentration obtained in NC post-AH liquors were prepared as described in

Section 2.3 and tested.

Screening of S. obliguus growth and nitrogen uptake was performed using synthetic

liquors. Table 3 summarizes the initial concentrations of total nitrogen (TN), NOs-N,

and NO,-N, alongside corresponding specific growth rates and nitrogen removal rates.
Testing was capped at 300 mg/L TN, as concentrations exceeding 200 mg/L induced

significant toxicity.
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Table 3. Screening nitrogen concentration, NO,-N and NOs-N in a 3:1 ratio, for S. obliquus.

Nitrogen Concentration Tested, mg N/L
TN 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 Ctrl
NO,-N 15 30 4 60 75 90 105 120 135 150 165 180 195 210 225 O
NO3-N 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 247
u,day-1 073 070 0.69 070 0.69 0.67 065 063 061 053 0 0 0 0 0 070

SD 001 001 001 001 001 002 001 001 001 003 0 0 0 0 0 001
Inh., % 0 0 0 0 2 4 8 11 13 24 100 100 100 100 100 O
TINR, 7 57 86 113 137 142 147 127 189 185 - - - - - 207

mg/(L-day)

NO-NR, /o 43 65 84 103 10 98 83 138 141 - - - - - -

mg/(L-day)

NOs-NR, o 14 21 28 34 42 49 45 51 45 - - - - - 207

mg/(L-day)

TN: total nitrogen, w: specific growth rate, SD: standard deviation, Inh.: percentage of growth rate inhibition,
TN R: total nitrogen removal rate, Ctrl: control.

Microalgae growth followed standard batch kinetics characterized by distinct lag,
exponential, linear, and stationary phases (Figure 4), with the duration and slope of these
phases being highly dependent on the initial nitrogen loading. Color development at
the conclusion of the trial correlated strongly with both biomass density and nitrogen
depletion levels (Figure A2). A dynamic balance between CO, acidification (5% during
light hours) and biological nitrogen uptake self-stabilized the culture pH at 7.0. Nitrogen
uptake patterns varied significantly across the tested species (Table 3), revealing critical
relationships between concentration and metabolic activity. Specifically, maximal uptake
and sustained growth were observed in treatments where nitrite-N concentrations remained
below the inhibitory threshold of 60-90 mg/L. By day 7, all experimental mixtures achieved
a minimum of 50% TN removal. For an initial TN concentration greater than 100 mg/L,
algae can remove 60% of TN in 7 days, whereas for concentrations less than or equal to
100 mg/L, algae N removal efficiency exceeds 90% in 7 days.

2.0
— @ Ctl —A- 60 —€@— 120 —wy— 180
- O 20 @O 8 -@- 140 —@— 200
£ —w- 40 O 100 —A- 160 —@— 220
o 1.6 1
o
-
X
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©
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2 0.8 -
(7]
c
a
— 0.4 - p
8 ¢z

?_sffii_‘
0.0 + - T T . . T . .

0 1 2 3 4 5 6 7 8
Time (days)

Figure 4. Growth curves for the different N concentrations tested at pH = 7. Labels are expressed
as total nitrogen. Results represent the mean of at least 4 replicates & standard deviation. Results
represent the mean of 4 to 8 replicates + standard deviation.
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Furthermore, analysis of nitrogen species suggested a substrate preference, character-
ized by a preferential and accelerated removal of NO,-N relative to NO3-N throughout the
cultivation period (Table 3).

Moreover, the marine strain Nannochloropsis salina was also evaluated using Guillard’s
F/2 medium (Figure A3). Two independent trials using fresh stock solutions yielded
consistent results, demonstrating that N. salina exhibits poor tolerance to nitrite as a ni-
trogen source across all tested concentrations (50 to 220 mg N/L; following a 3:1 ratio for
NO,-N:NO3-N).

3.4. Assessment of Nitrogen Removal Rates

To enhance N uptake kinetics, several physicochemical parameters and biological
factors, including pH, carbon source, strain acclimation, and N:P ratios, were evaluated.

3.4.1. Influence of pH and Buffer Systems

The pH was successfully maintained at 8.0 by using a carbonate /bicarbonate buffer
system. However, supplemental inorganic carbon failed to significantly enhance biomass
yields or nitrogen removal efficiencies (Figure 5a and Table 4, row b).

1.8 1.8
oy @ Ctrl —A- 60 —€- 120 —w- 180 a b
=4 1610 20 @ 8 -9 140 -@- 200 5 1.6 1
k= —w— 40 O 100 -A- 160 2 L
“32 1.4 ///5/2/2ij¢/ 1.4 - ////////////
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E 1.0 4 ///4 223 1.0 @ //// /////;;;/
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Time (days) Time (days)
Figure 5. Growth curves for several N concentrations tested at (a) pH = 8.0 (carbonate/bicarbonate
buffer) and (b) N:P ratio = 5:1. Labels are expressed as total nitrogen. Ctrl is reference (control), BG-11.
Results represent the mean of 4 to 8 replicates & standard deviation.
Table 4. Specific growth rate, 1, and total nitrogen removal rate, TN R, for S. obliquus using a 3:1
NO,-N and NOg3-N ratio under different growth conditions (a) pH = 7, N:P = not fixed (variable),
(b) pH =8; (c) N:P = 15:1, (d) N:P = 5:1 and (e) acclimated strain.
Nitrogen Concentration Tested, mg N/L
TN, mg/L 20 40 60 80 100 120 140 160 180 200
NO,-N, mg/L 15 30 45 60 75 90 105 120 135 150
NO3-N, mg/L 5 10 15 20 25 30 35 40 45 50
(a) pH = 7, N:P = not fixed
W, day_1 0.74 0.70 0.70 0.71 0.69 0.67 0.65 0.63 0.61 0.53
TN R, mg/(L-day) 2.63 5.73 8.63 11.31 13.71 14.23 14.70 12.73 18.90 18.52
(b) pH=38
W, d.a}fl 0.56 0.59 0.60 0.63 0.66 0.65 0.64 0.63 0.64 0.65
TN R, mg/(L-day) 2.70 5.04 4.96 741 7.65 11.13 11.15 9.19 10.88 8.71
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Table 4. Cont.
Nitrogen Concentration Tested, mg N/L
(c) N:P =15:1
u, day*1 0.75 0.69 0.69 0.68 0.63 0.39 0.22 0.34 0.08 0
TN R, mg/(L-day) 2.81 5.73 8.62 11.55 14.36 9.95 7.12 6.35 1.71 0.00
(d) N:P =5:1
u, clay‘1 0.75 0.69 0.69 0.68 0.63 0.39 0.22 0.34 0.08 0
TN R, mg/(L-day) 2.84 5.75 8.65 7.82 6.45 5.54 4.23 4.36 413 4.28
(e) acclimated strain
u, day*1 0.72 0.68 0.67 0.62 0.53 0.10 0.00 0.00 0.00 0.00
TN R, mg/(L-day) 2.51 5.64 8.59 11.52 14.25 8.42 1.22 0.00 0.00 0.00

TN: total nitrogen, p: specific growth rate, TN R: total nitrogen removal rate, N: nitrogen, P: phosphorus.

3.4.2. Mixotrophic Growth and Strain Acclimation

The transition from autotrophic to mixotrophic metabolism was evaluated using
glycerol (16 g/L) and sodium acetate (3 g/L) as described in the literature [24]. Although
both organic carbon sources supported robust S. obliguus growth, neither significantly
improved N uptake rates.

Similarly, a strain acclimated to NO,-N over a five-week period showed no competitive
advantage in nitrogen removal efficiency compared to the non-acclimated parent strain
(Table 4, row e).

3.4.3. Nitrogen:Phosphorus Ratios

Two additional fixed N:P ratios (15:1 and 5:1) were evaluated and compared against a
baseline experiment conducted at pH 7 (Table 3), in which the N:P ratio was not controlled
(ratio was variable depending on the N added; N:P ranging from 5 to 30). These specific
ratios were selected to determine whether increased phosphorus availability enhances
microbial nitrogen uptake effectively, assessing whether phosphorus serves as a limiting
factor for nitrogen removal. Results demonstrated that biomass and TN removal rates did
not improve, even in the presence of excess P (Table 4, row ¢ and d).

3.5. Scale-Up and Performance in Post-AH Liquors

To validate findings from synthetic liquors, pure S. obliquus and a freshwater microal-
gae consortium were cultivated in post-AH liquors as described in Section 2.3, using flasks
with working volumes of 150 mL. Based on previous toxicity thresholds, NC-w liquors were
diluted 20-fold and 25-fold, respectively, to achieve initial concentrations of approximately
160 and 120 mg/L TN, respectively (3:1 NO,-N to NOs3-N ratio).

In these experiments, both S. obliquus and the consortium exhibited robust growth at a
reduced initial TN concentration. As illustrated in Figure 6a, the growth profiles for both ex-
perimental groups were statistically similar to their respective BG-11 controls (t (10) = 0.018,
p =0.986 and t (10) = 0.872, p = 0.404 for S. obliquus and consortium, respectively), indi-
cating no significant inhibition by the liquor components. The increased working volume
facilitated the measurement of TSS to accurately quantify biomass productivity. Biomass
productivity for S. obliguus was 0.23 g/(L-day) compared to 0.19 for its control, while
for the consortium biomass productivity achieved 0.21 g/(L-day) in comparison with
0.19 g/(L-day) for its control.
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Figure 6. Bioremediation experiments using BG-11 (positive Ctrl), synthetic, and post-AH liquors:
growth curves (a,c) and the nitrogen removal (b,d) for 150 mL (top) and 650 mL (bottom) working
volumes. S corresponds to S. obliguus and C to consortium.

By day 7, nitrogen was completely exhausted in both cultures (Figure 6b). To assess
the nitrogen mass balance, abiotic controls (without biomass inoculation) with nitrogen
concentrations matching the post-AH liquors and BG-11 medium showed no substantial
nitrogen transformations under the experimental light and temperature conditions. This
indicates that nitrogen removal in the active treatments was primarily driven by biological
uptake. Specifically, S. obliquus achieved a removal capacity of 52 mg TN /g biomass with a
TN removal rate of 12 mg TN/(L-day), while the consortium exhibited a removal capacity of
51 mg TN/g biomass and a rate of 11 mg TN/(L-day). These removal kinetics are consistent
with results obtained using synthetic liquors at equivalent nitrogen loadings, suggesting
that the consortium maintains high treatment efficiency along with the pure cultures.

In addition, the consistent performance between synthetic and post-AH liquors con-
firmed that the nitrogen species ratio and concentration, rather than specific NC-w impuri-
ties, were the primary cause of algal metabolism.

Furthermore, a 650 mL working volume experiment using a 2:1 NO;-N to NO3-N
ratio was tested by blending a second source of wastewater (initial TN = 120 mg/L). S.
obliquus performed similarly to previous tests and compared to synthetic liquor in terms
of growth and N removal (Figure 6¢,d). The biomass productivity of S. obliguus remained
consistent across both media, reaching 0.15 g/(L-day) in synthetic liquor and 0.16 g/(L-day)
in post-AH liquor. Similarly, TN removal rates were comparable at 10 and 12 mg/(L-day),
respectively. These values correspond to a specific nitrogen removal capacity of approxi-
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mately 70 mg TN/g in synthetic liquor and 72 mg TN/ g in the post-AH effluent, indicating
that the complex matrix of the liquor did not hinder the metabolic efficiency of the strain.

4. Discussion

The inhibition observed in response to NC post-AH liquors is likely a synergistic result
of the high concentration of nitrogen species (mainly nitrite), sodium, and potential organic
residues remaining from incomplete cellulose backbone mineralization. Microorganism
resilience to these liquors was clearly species-dependent; notably, the marine bacterium A.
fischeri exhibited greater resistance than either the freshwater green microalgae S. obliguus
or the marine microalgae N. salina. The differential resilience between the two microalgae
suggests that S. obliquus is a more resilient candidate for the biological valorization of these
nitrogen-rich effluents.

The nitrite concentration of 90 mg N/L observed in our study is well within the
tolerance thresholds reported for robust microalgae. For instance, the aerial microalga
Trentepohlia aurea has been shown to maintain growth in the presence of nitrite concentra-
tions as high as 141 mg NO,-N/L [25]. Similarly, recent studies on Chlorella sp. isolated from
partial nitrification systems treating municipal wastewater demonstrated remarkable re-
silience, with biomass production continuing at concentrations up to 300 mg NO,-N/L [26].

The preference for NO,-N over NO3-N observed in S. obliquus (Table 3) likely re-
lates to the energetic efficiency of the assimilation pathway. Nitrogen assimilation is an
energy-intensive process that involves two transport steps (nitrite and nitrate membrane
transporters) into the cells and chloroplasts and two reduction steps into ammonium
(NHy,) for amino acid synthesis performed by nitrate reductase (NR) and nitrite reductase
(NiR) [27,28]. By utilizing nitrite directly, the cell bypasses the initial NR-mediated step,
which is often the rate-limiting stage of the assimilation process. This “shorter” metabolic
route requires fewer reducing equivalents (electrons), potentially explaining the faster
removal rates observed in treatments where nitrite levels were below inhibitory thresholds.

While nitrite is a preferred substrate at low concentrations, its toxicity at levels ex-
ceeding 60 mg/L TN is a critical bottleneck. Nitrite can act as an uncoupler of photophos-
phorylation and can interfere with the photosynthetic electron transport chain, specifically
targeting Photosystem 11, the first protein complex taking part in photosynthesis, which
ultimately hinders carbon fixation within the Calvin cycle [29,30]. This might explain the
observed growth inhibition and the stagnation of nitrogen uptake in high-TN liquors.

These findings suggest that for high-strength liquors, a step-feed approach or pre-
dilution is necessary to keep nitrite concentrations below the 60-90 mg/L threshold. Main-
taining levels within this “sweet spot” could leverage the algae’s natural preference for
nitrite, optimizing total nitrogen removal while avoiding the metabolic shutdown associ-
ated with nitrogen-induced stress.

Beyond carbon, nitrogen and phosphorus represent the primary macronutrients es-
sential for algal proliferation. According to the Redfield ratio [31], the stoichiometry of
carbon, nitrogen, and phosphorus remains relatively consistent at 106:16:1 across global
oceans, reflecting the composition of both phytoplankton biomass and dissolved nutrient
pools. Parametric studies utilizing the freshwater microalga S. obliquus demonstrated that
neither an increase in pH to 8.0 nor the supplemental addition of carbonates and phos-
phates yielded improvements in nitrogen removal or growth rates. This lack of response
suggests that the cultures were likely carbon- and phosphorus-replete, or that the initial
nitrogen concentration was the sole rate-limiting factor, potentially approaching saturation
thresholds for the nitrate and nitrite membrane transporters. Under these conditions, the
nitrogen removal behavior suggests Michaelis-Menten-type kinetics, with the rate trending
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towards a maximum velocity (Vmax) and showing less dependence on further increases in
substrate or co-factor concentrations [28].

Acclimation of S. obliquus to nitrite over five consecutive weeks did not result in
observable genetic modifications or adaptive increases in the expression of membrane-
bound nitrate/nitrite transport proteins. Further studies including metagenomic and
transcriptomic analysis would be required to definitively evaluate potential changes in the
expression of membrane-bound nitrate/nitrite transport proteins.

While exogenous carbon supplementation effectively enhances biomass productivity
and lipid accumulation, key precursors for optimized biofuel production [24,32], our
findings demonstrate that these gains do not correspond to improved nitrogen remediation.
This suggests a metabolic decoupling between biomass synthesis and nutrient removal
efficiency under carbon-enriched conditions. Specifically, in nitrogen-limited environments,
increased carbon availability shifts cellular flux toward energy storage (lipids) rather than
the active assimilation of nitrogen species.

Biomass productivity is a critical metric in microalgal biotechnology, representing
the rate at which biological mass is produced per unit of volume or area over time
(e.g., g/(L-day)). Higher biomass productivity directly translates to a greater quantity
of feedstock available for conversion into various forms of energy, such as biodiesel, biogas
(methane), or bioethanol. Balancing high biomass productivity with high lipid content is
essential to achieve the maximum energy yield per harvest. High productivity allows for
greater energy generation within a smaller physical area, reducing the capital expenditure
required for large-scale photobioreactors or open ponds.

The high biomass productivity observed in this study, which reached approximately
0.16-0.20 g/(L-day) in post-AH liquors, suggests the potential of S. obliquus as a viable
feedstock. The resilience of S. obliguus and its ability to maintain a specific removal capacity
of 72 mg TN/g biomass in post-AH liquors demonstrate its robustness for integrated
wastewater treatment.

Biomass productivity observed in this study aligns with values presented in the
literature for several green freshwater and marine strains [33-35]. For instance, under
optimized laboratory conditions, Kirchneriella sp. and Parachlorella kessleri reached pro-
ductivity of 0.136 g/(L-day) and 0.130 g/(L-day), respectively. Similarly, S. obliquus has
demonstrated robust growth in industrial wastewater with high ammonium levels, while
Nannochloropsis gaditana achieved a productivity of 0.48 g/(L-day) when cultivated with
15% wastewater centrate.

5. Conclusions

This study demonstrates a promising two-step treatment strategy to degrade NC fines
by alkaline hydrolysis and consequently remediates nitrogen-rich liquors by assimilating
hazardous levels of inorganic nitrogen into algal biomass. It addresses a critical gap in
the literature by establishing a novel framework that couples alkaline hydrolysis with
microalgae-based water treatment and nutrient recovery. These findings indicate that post-
alkaline hydrolysis liquors serve as a viable substrate for nutrient recovery, provided that
the inherent toxicity of high nitrite concentrations is managed through strategic dilution.
The screening of nitrogen ratios and concentrations (20 to 200 mg TN /L) indicates that
freshwater microalgae can effectively thrive in mixed NO,-N and NO3-N environments
below specific toxic thresholds. In contrast, the marine strain acclimated to brackish water
exhibited poor tolerance to nitrite, suggesting that freshwater species are more robust
candidates for treating these specific high-nitrite streams.

Nitrogen removal performance was primarily influenced by initial substrate concen-
tration rather than nutrient limitation or pH fluctuations. The addition of carbon and

https:/ /doi.org/10.3390/ cleantechnol8040103


https://doi.org/10.3390/cleantechnol8040103

Clean Technol. 2026, 8, 103

14 of 17

phosphorus had a negligible impact on nitrogen removal rates. Furthermore, nitrogen
removal efficiencies remained stable between pH 7.0 and 8.0, indicating a flexible opera-
tional window for large-scale applications. Additionally, extended five-week acclimation
to nitrite revealed no increase in nitrogen removal rates, suggesting no genetic adaptation
or quantitative changes in the membrane protein profile related to nitrite translocation
in S. obliquus.

The efficiency of the system is highly sensitive to the initial nitrogen load. At an initial
total nitrogen concentration of 200 mg/L (with a 3:1 NO,-N:NOs-N ratio), the freshwater
pure strain, S. obliquus, achieved 60% removal within seven days. However, at concentra-
tions below or equal to 100 mg/L, removal efficiency increased significantly to 99%. Similar
removal rates were achieved with post-AH liquors obtained after alkaline hydrolysis treat-
ment of NC fines. These results confirm that freshwater microalgae effectively assimilate
inorganic nitrogen into biomass, offering a sustainable pathway for wastewater nutrient
recycling and potential production of value-added products or energy.
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Figure A1l. Electrospray Ionization Mass Spectrometry scans of post-alkaline liquors from NC-p (1)
and NC-w (2). Negative mode (top), positive mode (middle) and daughter scan of positive mode
(bottom). Red frame indicates specific mass-to-charge ratio (11/z) within samples: 162 m/z is often
associated with hexose residues in fragmentation, 167 m/z is indicative of one hydroxide (HO-)
and one methoxy (-OCH3s) group on ring, and 185 m/z sometimes represents a sodiated galactose

derivative (sodiated adduct).

Figure A2. Color development for the different total N concentrations (20 to 300 mg N /L) tested at

pH =7 in Figure 4.
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Figure A3. Growth curves for the different N concentrations tested at pH = 7 for marine strain N.
salina. Labels are expressed as total nitrogen in mg/L. Control (Ctrl) corresponds to Guillard medium,

only NO3-N.
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