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Nitrate contamination of groundwater poses serious risks to drinking water
safety, particularly in agriculturally impacted regions, while conventional
treatment technologies remain costly and energy intensive. This study
evaluates microalgae-based nitrate removal from groundwater, with
particular emphasis on the role of precultivation strategy in controlling nitrate
removal kinetics, biomass productivity, and CO; fixation. Chlorella vulgaris and
Scenedesmus sp. were precultured in Blue-Green 11 and Bold’s Basal Medium
and subsequently cultivated in nitrate-contaminated groundwater (50 mg
NOs™-N/L) using photobioreactors. Both species effectively removed nitrate;
however, treatment performance was strongly dependent on species and
precultivation medium. BG-11-precultured Scenedesmus sp. demonstrated the
highest and fastest nitrate removal, reducing NOs™-N below the drinking water
standard (10 mg/L) within 78 h and achieving 99% removal after 96 h. BG-11-
precultured Chlorella vulgaris reached 83.4% removal over the same period.
BBM-precultured Scenedesmus sp. also achieved high nitrate removal (96%),
but with slower kinetics, while BBM-precultured Chlorella vulgaris showed the
lowest removal efficiency (87.8%). Enhanced nitrate removal was directly
associated with increased biomass accumulation and CO, fixation, with BG-11-
precultured Scenedesmus sp. attaining the highest biomass (0.45 g/L) and CO,
fixation rate (20.68 g/L/d). This study demonstrates that the precultivation
strategy is a critical control parameter for microalgal groundwater
remediation and identifies BG-11-conditioned Scenedesmus sp. as a highly
effective candidate for integrated nitrate removal and carbon sequestration in
real groundwater systems.

1. Introduction

worldwide, largely driven by intensified agricultural
activities, excessive fertilizer application, livestock

Nitrate contamination of groundwater has become  waste, and inadequate wastewater management
a critical environmental and public health concern practices [1,2]. A recent global assessment of
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groundwater quality highlights the widespread
nature of this pollution and emphasizes the urgent
need for sustainable removal technologies that go
beyond conventional, energy-intensive methods
[3]. Groundwater is a primary source of drinking
water in many regions, and elevated nitrate
concentrations  pose health  risks,
particularly to infants, where exposure can resultin
methemoglobinemia or “blue baby syndrome” [1].
To mitigate these risks, regulatory agencies such as
the U.S. Environmental Protection Agency (EPA)
have established a maximum contaminant level
(MCL) of 10 mg/L nitrate-nitrogen (NO3z™-N) in
drinking water [4]. Despite these regulations,
nitrate concentrations exceeding permissible limits
are still frequently reported
systems, especially in agricultural and semi-arid
regions.

Conventional technologies for nitrate removal,
including ion exchange, reverse osmosis, and
chemical denitrification, are effective but often
associated with high operational costs, energy
consumption, and the generation of secondary
waste streams [2,4]. These drawbacks limit their
applicability, decentralized or
resource-limited settings. As a result, there is
growing interest in sustainable, environmentally
friendly treatment alternatives capable of
addressing nitrate contamination while minimizing
economic and ecological burdens.
Microalgae-based  treatment have
emerged as a promising biological approach for
nutrient removal from water due to their ability to
assimilate inorganic nitrogen into biomass while
simultaneously fixing carbon dioxide through
photosynthesis [5,6]. During nitrate assimilation,
microalgae reduce nitrate to nitrite and
subsequently to ammonium via nitrate reductase
and nitrite reductase enzymes, incorporating
nitrogen into cellular components such as proteins
and nucleic acids [7]. This process not only removes
excess nitrate from water but also produces
valuable biomass that can be utilized for bioenergy,
biofertilizers, or other bioproducts, enhancing the
overall sustainability of the treatment process.
Among freshwater microalgae, Chlorella vulgaris
and Scenedesmus sp. have been extensively studied
for nutrient removal applications due to their
robustness, high growth rates, and strong nutrient

serious

in groundwater

particularly in

systems

uptake capacities [8-10]. Previous studies have
demonstrated high nitrate removal efficiencies by
these species
agricultural runoff [10]. For example, Scenedesmus
sp. cultivated in BG-11-based synthetic wastewater
achieved nitrate removal efficiencies exceeding
99% under optimized light conditions [11], while C.
vulgaris has been shown to effectively remove
nitrate and phosphate from agricultural runoff and
secondary effluents [8,10].

A critical factor influencing microalgal growth and
nutrient removal performance is the composition
of the cultivation medium. Growth media such as
Blue-Green 11 (BG-11) and Bold’s Basal Medium
(BBM) differ substantially in nitrate concentration,

in wastewater and simulated

phosphorus availability, and trace element
composition, which directly affect metabolic
activity, enzyme regulation, and biomass

productivity [12-14]. Studies have shown that
microalgae grown in nitrate-rich media exhibit
enhanced nitrate reductase activity, leading to
faster, more efficient nitrate assimilation, when
transferred to contaminated water systems [7,15].
BG-11, in particular, has been reported to support
higher biomass productivity and chlorophyll
content compared to BBM, thereby improving
nutrient removal capacity [12,13].

In addition to nutrient remediation, microalgae-
based systems offer a sustainable pathway for
carbon sequestration by converting CO; into algal
biomass during photosynthesis [5,16]. Recent
comprehensive have highlighted that
coupling microalgal cultivation with wastewater
treatment enables highly efficient biological CO;
fixation simultaneous with nutrient assimilation,

reviews

making them attractive candidates for integrated
climate change mitigation and water treatment
strategies [17]. Fast-growing species with high
biomass productivity generally exhibit higher CO;
fixation rates, making them attractive candidates
for integrated water
change mitigation strategies [6,10].
Although studies
evaluated nitrate removal

treatment and climate
numerous have extensively
by microalgae in
wastewater and synthetic media, the application
of these systems to real groundwater matrices is
only recently emerging. Recent
successfully demonstrated the potential of
microalgae, such as Tetradesmus obliquus, in

research has
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semicontinuous processes, specifically targeting
nitrate-contaminated groundwater [18]. Despite
such promising advancements, the
optimization  of  microalgal  systems  for
groundwater remains underexplored. Groundwater
presents unique challenges due to its lower nutrient
content, distinct ionic composition, and variable
physicochemical characteristics, which can
significantly influence microalgal growth and
nutrient uptake [19,20]. Furthermore, the role of
precultivation strategies in enhancing microalgal
metabolic
groundwater has received limited attention.

Despite the promising results of microalgae in
wastewater treatment, their application to real
groundwater matrices remains underexplored due
to the distinct ionic composition, lower nutrient
content, and higher electrical conductivity of
groundwater compared to municipal wastewater
[5]. Furthermore, while the effect of cultivation
media on microalgal growth is well-documented,
the specific role of precultivation strategies in

broader

readiness for nitrate removal from

enhancing microalgal metabolic readiness—
particularly nitrate reductase induction—for
nitrate removal from complex groundwater
matrices has received limited attention [1].
Therefore, the objective of this study is to
investigate the effect of BG-11 and BBM

precultivation on the nitrate removal efficiency,
biomass productivity, and CO; fixation capacity of
Chlorella vulgaris and Scenedesmus sp. applied to
groundwater. We
hypothesized that precultivation in a nitrate-rich
medium (BG-11) would induce higher nitrate
reductase activity and metabolic readiness,
thereby significantly enhancing the nitrate removal
kinetics, biomass productivity, and CO; fixation of
microalgae when subsequently applied to nitrate-
contaminated  groundwater, compared to
precultivation in a standard medium (BBM).

nitrate-contaminated

2. Materials and methods
2.1. Microalgae and feed preparation

The microalgal species used in this study, Chlorella
vulgaris and Scenedesmus sp., were obtained from
the Biotechnology Department of the Iranian
Research Organization for Science and Technology
(IROST) (Figures 1a,b). Rather than relying on

generic commercial catalog numbers, these
specific strains have been previously isolated,
taxonomically characterized, and successfully
utilized in wastewater nutrient removal studies by
Dr. Hamideh Ofoghi’s research group at IROST
[21,22], ensuring their high metabolic readiness
and traceability. Water samples were collected
from agricultural in the Ahmadabad-e
Mostowfi district of Eslamshahr County,
Tehran, Iran. The groundwater in this region is
primarily impacted by nitrate contamination due
to intensive agricultural activities. Comprehensive
hydrogeochemical assessments have confirmed
the absence of significant metal

contamination in these aquifers [23].

wells
near

heavy

Fig. 1.
Scenedesmus sp. (b) and their pre-cultivation in BG-11
and BBM medium inside a 500 mL Erlenmeyer flask (c).

Microscopic images of C. vulgaris (a) and

The initial physicochemical characteristics of the
well water are as follows: pH 6.3, NOs;-N
concentration of 3 mg/L, phosphate-phosphorus
(PO+#™—P) concentration below 0.5 mg/L, total
dissolved solids (TDS) of 346 mg/L, total hardness
of 280 mg/L as CaCOs, calcium (Ca?*) 70 mg/L,
magnesium (Mg?") 25 mg/L, and dissolved organic
carbon (DOC) 3.5 mg/L. This well water was stored

at 4°C in Nalgene containers and used for
microalgal cultivation in both batch and
continuous experiments. To simulate nitrate

contamination, synthetic water was prepared by
supplementing the well water with potassium
(KNO3) and potassium dihydrogen
phosphate (KH2PO4), reaching
concentrations of approximately 50 mg/L NO3;™-N
and 5 mg/L PO#7-P, resulting in an N:P mass ratio
of 10. An N:P ratio of 10:1 was specifically chosen

nitrate
initial
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because it has been shown to be the optimadl
stoichiometric ratio for maximizing both biomass
productivity and nutrient removal efficiency in
freshwater microalgae, preventing phosphorus
limitation during rapid nitrate uptake [19,24]. This
ratio ensures that phosphorus does not become a
limiting factor during the rapid nitrate assimilation
phase, while providing sufficient nitrogen to induce
and sustain nitrate reductase enzyme activity [24].
Prior to experiments, the microalgal strains were
pre-cultured for one week in 500 mL Erlenmeyer
flasks containing 250 mL of BG-11 and BBM growth
media. The preculture was maintained at 25 = 1°C
under a light intensity of 3000 lux with a 16:8 h
light:dark photoperiod, with continuous agitation
at 120 rpm on an orbital shaker.

2.2. Batch Cultivation

Batch experiments were performed in four one-liter
cylindrical glass bottles (11 cm inner diameter, 22
cm height), referred to as photobioreactors (PBRs),
with pure CO; injected at a rate of 0.1 vvm (Figure 2).

Fig. 2. Batch cultivation step for C. wvulgaris and
Scenedesmus sp. in nitrate-contaminated groundwater
over four days using BG-11 pre-cultured cells.

The PBRs were filled with synthetic nitrate-
contaminated well water, adjusted to the specified
N:P ratios.
100 mL of precultured microalgae, achieving a cell
density of 0.1 x 10% cells/mL for each strain. The
batch PBRs were agitated at 150 rpm under
continuous LED illumination, providing an average
light intensity of 6000 lux.

Each reactor was inoculated with

Cultures were

maintained at 25°C for one week, with pH
controlled between 6.5 and 7 through CO;
injection. All experiments were performed in
triplicate, and reported values represent the mean
+ standard deviation (SD) of three replicates.

2.3. Analytical methods

Samples collected from the interior of the PBRs
were first filtered through 0.45 um hydrophilic
cellulose  acetate membranes to
particulate matter that could interfere with
subsequent analyses and stored at 4°C until
elemental analysis. NO3s™-N concentrations were
determined ultraviolet (UV)
spectrophotometry method, following standard
protocols [25]. A UV spectrophotometer (UVmini-
1280, Shimadzu, Japan) was used at wavelengths
of 220 and 275 nm for NO3s-N measurements.
Nitrate removal efficiency (NRE) was calculated
according to Eq. 1 [20]:

remove

using an

NRE = (C; - C¢)/C; x 100 (1)

where C; and C:¢ are initial and final NOs™-N
concentrations (mg/L), respectively.

Dried cell weight (DCW) determined
gravimetrically. Samples were centrifuged at 6000
rpm for 10 minutes, and the biomass was dried at
104°C until a constant weight was achieved [5]. In
parallel, cell density was monitored using a
hemocytometer light microscope
(Olympus BX51, Japan) by counting cells in at least
four randomly selected squares; the results were
expressed as cells per milliliter. Maximum biomass
productivity (Pmax) was calculated using Eq. 2 [19]:

wdas

under a

Pmcx (g/L/d) = (chx_ XO) / (tt_ to) (2)

where Xmax is the maximum DCW at time t:and Xo
is the initial DCW at to (d).

The rate of CO; fixation (Rco2) was estimated using
Eq.3 [16].

Reoz (g/L/d) = P x 1.88 (3)

In this equation, Pmax represents the maximum
biomass productivity, and the factor 1.88
corresponds to the theoretical amount of CO; fixed
per gram of microalgal biomass (g/g) [16].

2.4. Statistical Analysis

Statistical analysis was performed using one-way

analysis of variance (ANOVA) by SigmaPlot
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software (Version 14) to evaluate the significance
of differences among the experimental groups. All
experiments were conducted in triplicate, and data
are expressed as mean * standard deviation (SD).
Differences considered statistically
significant at a p-value of less than 0.05 (p < 0.05).

were

3. Results and discussion

3.1. Effect of precultivation medium on nitrate
removal performance

The temporal variation of NO3™-N concentration in
PBRs clearly demonstrated that both microalgal
species were capable of efficient nitrate removal
from groundwater; however, their performance
strongly depended on the precultivation medium
and species type (Figure 3a,b). When transferred
from BG-11 or BBM into nitrate-contaminated
groundwater containing an initial NOs™-N
concentration of 50 mg/L, all treatments
demonstrated a progressive decline in nitrate
concentration, though with markedly different
removal rates.

BG-11-precultured microalgae consistently
achieved faster and more complete nitrate removal
compared to BBM-precultured cultures. Among all
treatments, BG-11-precultured Scenedesmus sp.
showed the most rapid nitrate uptake, reducing
NO3™-N from 50 mg/L to 6.2 mg/L within 78 h and
further to 0.5 mg/L after 96 h, corresponding to an
overall nitrate removal efficiency of approximately
99%, which was significantly higher than BBM-
precultured cultures (p < 0.05). In comparison, BG-
1-precultured C. vulgaris reduced nitrate to 9 mg/L
by 86 h and achieved a final removal efficiency of
83.4% at 96 h. BBM-precultured Scenedesmus sp.
and C. wvulgaris showed slower nitrate removal
kinetics, reaching nitrate concentrations below the
drinking water limit of 10 mg/L at approximately 86
h and beyond, respectively.

The superior performance of BG-11-precultured
microalgae is highly likely attributed to the higher
nitrate content and balanced trace element
composition of BG-11. While direct enzymatic
assays were beyond the scope of this study,
previous literature strongly suggests that growth in
nitrate-rich media upregulates nitrate reductase
(NR) gene expression and enhances enzymatic
activity, thereby accelerating nitrate assimilation
upon transfer to contaminated water [26].
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Fig. 3. Temporal variation of NO3™-N during groundwater
treatment for Chlorella vulgaris pre-cultured in BG-11 and
BBM (a) and Scenedesmus sp. pre-cultured in BG-11 and
BBM (b) in nitrate-contaminated groundwater.

Recent studies have demonstrated that microalgae
grown exhibit
upregulated NR gene expression and enhanced
which in turn accelerates
nitrate assimilation when cells are transferred to
nitrate-containing [7,15,20]. This
transcriptional and enzymatic response has been
observed multiple microalgal species,
including Chlamydomonas, Chattonella, and
diatoms, highlighting the strong link between
nitrate availability, NR induction, and improved
nutrient uptake efficiency [15].

Species-specific differences were also evident, with
Scenedesmus sp. outperforming C. vulgaris at all
comparable  time  points, regardless  of
precultivation medium. Even under BBM
preculturing, Scenedesmus sp. reached NOs; -N
concentrations below 10 mg/L earlier than C.

under nitrate-rich conditions
enzymatic activity,
media

across
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vulgaris, indicating a higher intrinsic nitrate uptake
capacity. This behavior is consistent with previous
reports  highlighting the nitrogen
assimilation capability and enzymatic adaptability

robust

of Scenedesmus sp. in high-nitrate environments
[9,11,27]. The summarized performance of both
species following precultivation in either BG-11 or
BBM, including the time required to reach the
drinking water nitrate limit, final nitrate removal
efficiency, maximum biomass productivity, and
CO; fixation rate (presented as mean = SD), is
detailed in Table 1. Notably, BG-11-precultured
Scenedesmus sp. exhibited statistically significant
improvements in both biomass productivity and
CO; fixation compared to its BBM-precultured
counterpart (p < 0.05).

Overall, these results demonstrate that both
precultivation medium and species selection are

critical factors controlling nitrate removal
efficiency in  microalgae-based groundwater
treatment systems. BG-11-precultured

Scenedesmus sp. emerged as the most effective
treatment, achieving rapid compliance with
drinking water standards and near-complete
nitrate removal within four days.

3.2. Microalgal growth dynamics and biomass
productivity

Microalgal growth trends, assessed by cell density
and DCW, are presented in Figure 4a,b and further
explain the observed differences in nitrate removal
performance. Both Scenedesmus sp. and C. vulgaris
demonstrated steady increases in cell density

425

throughout the experimental period; however,
Scenedesmus sp. consistently achieved higher
growth rates.

At 96 h, BG-11-precultured Scenedesmus sp.
reached a maximum cell density of 9.6 x 10¢
cells/mL, compared to 7.5 x 10¢ cells/mL for C.
vulgaris. Similarly, DCW increased from an initial
value of approximately 0.01 g/L to 0.45 g/L for
Scenedesmus sp. and 0.41 g/L for C. vulgaris. These
results indicate a higher biomass accumulation
capacity for Scenedesmus sp., which directly
supports its enhanced nitrate removal efficiency.

Biomass productivity  calculations  further
confirmed these trends, with Scenedesmus sp.
exhibiting a higher maximum productivity
(11 g/L/d) compared to C. vulgaris (10 g/L/d).
Faster biomass accumulation increases the number
of metabolically active cells available for nitrate
assimilation, thereby accelerating nutrient
removal. Similar correlations between high
biomass productivity and improved nutrient uptake
have been reported in previous studies involving
microalgal wastewater treatment systems [6,10].

The enhanced growth performance of BG-11-
precultured microalgae is consistent with earlier
reports indicating that BG-11 provides an optimal
balance of macronutrients and trace metals,
promoting higher chlorophyll content and
photosynthetic efficiency [12-14]. In contrast, BBM
contains lower nitrate concentrations and different
micronutrient ratios, which may limit enzymatic
activity and delay metabolic adaptation during the
initial stages of nitrate exposure.

Table 1. Summary of the performance of C. vulgaris and Scenedesmus sp. in nitrate removal, biomass productivity,
and CO; fixation after precultivation in BG-11 and BBM. Data are expressed as mean + standard deviation (SD, n = 3).
Asterisk (*) indicates a statistically significant difference (p < 0.05) compared to the corresponding BBM-precultured
group of the same species, as determined by one-way ANOVA.

Microalgae Pre-cultivation  Time to reach 10 :;r:cla\';lqoli';f'\ilcqcy Elrzr:t?;sivity CO; fixation
type Medium mg NOs™-N/L (h) (%) (g/L /d) rate (g/L/d)
Chlorella BG-1 8615 83.4+1.3 10+0.3 18.8 £ 0.45
vulgaris

Chlorella BBM >96 87.8 £ 1.1 9.2+0.28 9.2+ 0.31
vulgaris

Scenedesmus BG-11 76 £1° 99 +0.5" 11+ 0.61 20.68 + 0.41"
sp.

Scenedesmus BBM 862 96 0.7 10.2 £ 0.31 19.17 £ 0.37

sp.
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Fig. 4. Changes in cell density (a) and dry cell weight
(DCW) (b) of C. vulgaris and Scenedesmus sp. pre-
BG-11  during
groundwater treatment.

cultured in nitrate-contaminated

3.3. Relationship between nitrate removal and CO;
fixation

The increase in biomass productivity observed in
BG-11-precultured microalgae also translated into
enhanced CO; fixation rates. Based on biomass
productivity values and the theoretical conversion
factor, Scenedesmus sp. achieved a CO; fixation
rate of 20.68 g/L/d, which was higher than the
18.8 g/L/d recorded for C. vulgaris (Figure 5). This
difference reflects the higher photosynthetic
activity and faster growth rate of Scenedesmus sp.
The strong linkage between nitrate assimilation,
biomass accumulation, and CO, fixation observed
in this study highlights the dual environmental
benefits of microalgal systems. As nitrate is
assimilated into cellular biomass, carbon is
simultaneously sequestered, reinforcing the role of
microalgae as a sustainable solution for integrated
water treatment and climate change mitigation
[5,16]. Comparable CO; fixation rates have been

reported for fast-growing microalgae cultivated in
nutrient-rich environments,
controlled photobioreactor conditions [6,10]. The
results of the present study further demonstrate
that optimizing precultivation conditions can
significantly enhance both
efficiency and carbon capture performance.

particularly under

nutrient removal
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Fig. 5. CO; fixation rates of C. vulgaris and Scenedesmus
sp. pre-cultured in BG-11 during nitrate-contaminated
groundwater treatment.

3.4. Implications for groundwater remediation

The rapid reduction of nitrate concentrations to
below the regulatory threshold of 10 mg NOs™-N/L
demonstrates the feasibility of microalgae-based
treatment for nitrate-contaminated groundwater.
The superior performance of BG-11-precultured
Scenedesmus  sp. that
conditioning prior to application is an effective
strategy for maximizing treatment efficiency.
Unlike many previous studies that focused on
wastewater or synthetic media, this
demonstrates efficient nitrate remediation in
groundwater, a more challenging
characterized by lower nutrient availability and
higher ionic strength. The optimized precultivation

indicates metabolic

work

matrix

strategy enabled nitrate concentrations to
decrease below the regulatory threshold within
only 78 hours, demonstrating substantially
removal This accelerated
performance has important practical implications
because it enables shorter hydraulic retention
times (HRTs) in continuous treatment systems.
Reducing HRT is essential for improving the
scalability and economic viability of full-scale

bioremediation, as it decreases

enhanced kinetics.

groundwater
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reactor volume, infrastructure requirements, and
operational costs. These findings support and
extend the observations of Rezvani et al. [19,20],
who emphasized the importance of
optimization for achieving efficient and reliable
groundwater bioremediation. Overall, the results
identify BG-11-precultured Scenedesmus sp. as a
robust and effective candidate for sustainable
nitrate removal from groundwater, while also
providing the added benefit of CO, sequestration.
This integrated approach contributes to the
development of environmentally sustainable water
treatment technologies that are consistent with
circular economy principles [1-3,28,29].

system

3.5. Scalability, limitations, and real-world applicability

While this study demonstrates the high efficacy of
BG-11-precultured
photobioreactors, translating these findings to
full-scale remediation requires
careful consideration of scalability. Lab-scale
reactors provide optimal light distribution and
mixing, which are critical for microalgal growth. In
large-scale outdoor systems, self-shading, light
attenuation, and temperature fluctuations can
significantly reduce nitrate removal rates and CO;
fixation [30]. Furthermore, the 96-hour duration of
this study successfully captures the initial rapid
assimilation and compliance phase but does not
account for long-term nutrient depletion, biomass
harvesting, or potential algal death in continuous
systems. Future studies should focus on continuous
flow systems, longer operational periods, and the

Scenedesmus sp. in 1-L

groundwater

use of immobilized microalgae or algal-bacterial
consortia to enhance system resilience and treat
real groundwater fluctuating
environmental conditions [1,31].

matrices under

4. Conclusion

This study demonstrates that the choice of
precultivation medium and microalgal species
critically influences nitrate removal from real
groundwater.  BG-11-precultured  microalgae,
particularly Scenedesmus sp., demonstrated the
fastest and most efficient nitrate uptake,
achieving 99% removal within 96 hours and
reducing nitrate below the safe drinking water limit
in just 78 hours. Superior performance of
Scenedesmus sp. was linked to higher growth rates,

maximum biomass productivity (11.0 g/L/d), and
enhanced CO; fixation (20.68 g/L/d),
demonstrating dual environmental benefits. In
contrast, BBM-precultured cultures required longer

adaptation and showed slower  nitrate
assimilation. These findings highlight that
optimizing precultivation conditions can

significantly enhance microalgal readiness and
treatment efficiency. Overall, BG-11-precultured
Scenedesmus sp. emerges as a
candidate for sustainable groundwater
remediation, providing effective nitrate removal
while simultaneously supporting carbon capture
and biomass production for potential bioproduct
applications.
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