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ABSTRACT

The increasing use of chemical fertilizers has raised issues of land deterioration and agricultural system sustain-
ability. The use of microalgae biomass could be beneficial in soil due to its organic matter, minerals, and bioac-
tive compounds. This paper deals with comparing three different microalgae species, namely Chlorella vulgaris,
Arthrospira platensis, and Nannochloropsis oculata, concerning their potential for agricultural applications
based on their physicochemical, morphological, thermal, and structural characteristics. Microalgae biomass
mostly consists of organic matter. The content rate varied from 80.4 + 2.6% to 96.8 + 2.65%, while the organic
carbon content ranged from 46.63 + 1.50 to 56.14 + 1.53%. Microalgae composition varied, with N. oculata
having the largest concentration of K, Na, Ca, P, Fe, Mn, and Zn, while A. platensis had the highest amounts of
Mg and nitrate. Cation exchange capacity varied in the samples from 7.88 + 0.24 to 12.64 £ 0.55 meq/100 g,
and the water holding capacity was highest for A. platensis (2.5 £ 0.13 g H.O/g dry weight). The pH of both A.
platensis and N. oculata was neutral, while C. vulgaris had slightly alkaline properties. Electrical conductivity
differed markedly, with N. oculata showing the higher value (19,270 £4.58 nS/cm), indicating a higher soluble
salt content, consistent with the detection of NaCl and KCl as major crystalline phases by XRD. SEM—-EDX
analysis revealed diverse morphological features of the surface and detected several major elements. No detect-
able heavy metal signals were observed in the EDX spectra analyzed, although this does not confirm their ab-
sence. TGA/DTG and DSC allowed the identification of patterns sample decomposition and its phase changes,
as well as FTIR, which confirmed the presence of functional groups corresponding to proteins, carbohydrates,
lipids, and hydroxyl groups in the analyzed samples. In general, the results demonstrate distinct physicochemi-
cal and structural properties of the three biomasses and confirm their potential as soil amendments. However,
their actual agronomic effectiveness and safety require further validation through soil and plant-based experi-

ments and quantitative contaminant analyses.

Keywords: microalgae, soil amendment, soil fertility, Chlorella vulgaris, Arthrospira platensis, Nannochlo-
ropsis oculata.
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INTRODUCTION

Agriculture has been a cornerstone of eco-
nomic development over recent decades and has
made a significant contribution towards poverty
reduction and food security (Boureima et al.,
2021). The rapid growth of the global popula-
tion has accelerated demand for food, leading
to widespread adoption of chemical fertilizers
to enhance crop yields and maintain farm prof-
itability (Alvarez et al.,2021; Gongalves et al.,
2023). These fertilizers typically contain inor-
ganic nutrients such as nitrogen (N), phosphorus
(P), and potassium (K) (Meysami et al., 2025).
However, prolonged and increased use of fertil-
izers, together with the continued physical and
biological degradation of soil, ensured that nutri-
ent depletion and accelerated soil erosion have
emerged to jeopardize long-term sustainability
in agricultural systems (Bouramdane et al., 2023;
Renganathan et al., 2024).

Attention is increasingly being directed to-
ward more sustainable and renewable biological
sources to meet these challenges. Of these, mi-
croalgae have gained considerable attention lately
owing to their high photosynthetic efficiency, fast
growth, and rich composition of bioactive com-
pounds such as proteins, lipids, carbohydrates,
pigments, vitamins, and minerals (Bule et al.,
2018). These microorganisms do not provide a
singular benefit but rather multiple benefits relat-
ing to enhanced soil fertility and plant growth,
and contribute to crop protection (El-Shazoly et
al., 2025), improving tolerance against environ-
mental stress, and even serving as a substitute for
conventional chemical inputs in a more environ-
mentally friendly manner. They are being applied
to soil in both their whole form and as fresh or
dried extracts (Chanthini et al., 2024).

Species like Arthrospira platensis (S), Chlo-
rella vulgaris (C), and Nannochloropsis oculata
(N) present particular importance due to their
high nutritional value (Khanra et al.,2018; Lad-
jal-Ettoumi et al., 2024; Paterson et al., 2023).
Arthrospira sp. is well known for its ability to
stimulate plant growth and enhance soil mineral
content (Anitha et al., 2019). Several studies have
demonstrated that Arthrospira sp., extracts func-
tion as effective biostimulants, promoting seed
germination, seedling growth, and development
across various crops (Akgiil et al., 2019; Selem et
al.,2019; Shedeed et al., 2022). At moderate con-
centrations, they stimulate root-to-shoot length

and the number of lateral roots (Akgiil et al.,
2019), biomass accumulation, photosynthesis,
pigment content, and nutrient uptake, particularly
N, P, and K (Selem et al.,2019), as well as carbo-
hydrate accumulation. Additionally, they modu-
late the activity of antioxidant enzymes and influ-
ence the protein profile of seeds (Shedeed et al.,
2022). Chlorella sp. is versatile in agriculture by
acting as a biofertilizer and microalgal biostimu-
lant (Hernandez et al., 2009; Kholssi et al., 2019).
Various studies prove that Chlorella sp. possesses
the ability to promote plants’ growth, while Wang
et al., (2024) defined “dual action”, implying the
use of both direct and indirect effects. The organ-
ic substances produced by microalgae stimulate
root formation and biomass generation directly,
while also improving soil microbial communities.
Furthermore, Chlorella sp. is involved in nitrogen
and phosphorus recycling processes in nutrient-
deficient conditions, which shows its suitability
for use in wastewater treatment systems. It was
reported that the Chlorella extract, which consists
of'amino acids, peptides, growth-stimulating sub-
stances, as well as vitamins and minerals, has a
positive effect on plants’ height, stem diameter,
root system performance, leaf area, and anti-
oxidant enzyme activity in crops such as pepper
(Tian et al., 2022). Other research has confirmed
that Chlorella sp. can enhance nutrient retention
in soils and prevent nutrient leaching (Garbowski
et al., 2024). Likewise, Nannochloropsis sp. has
been investigated as a natural biostimulant and
microalgal biofertilizer, showing its positive ef-
fects on plant growth, development, and produc-
tivity under different cultivation conditions (Al
Dayel et al., 2021; Gharib et al., 2024; Trinh et
al., 2017). Its use has been correlated with varia-
tions in cell density, chlorophyll a level, and lipid
accumulation in accordance with the stage of cul-
tivation and phytohormone concentration, such
as IAA, GAs, and zeatin (Trinh et al., 2017). In
addition, it has been noted that Nannochloropsis
sp. can stimulate agricultural and medicinal crops
like Moringa oleifera and modify their phyto-
chemical composition, increasing the level of
beneficial compounds, including rutin and gallic
acid, even under the conditions of moderate salin-
ity (Al Dayel et al., 2021). These findings confirm
the possible significance of Nannochloropsis sp.
as a natural and sustainable input for agricultural
applications, although its effectiveness relies on
the crop used and the conditions of application
and cultivation (Gharib et al., 2024).
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However, the successful application of mi-
croalgae in agriculture should be based on a
detailed understanding of their physical and
chemical properties, mineral content, morphol-
ogy, thermal properties, and structure. The pres-
ent study involved a comparative evaluation of
physicochemical characteristics of the biomasses
of Chlorella vulgaris, Arthrospira platensis, and
Nannochloropsis oculata using various tech-
niques, including water holding capacity mea-
surement and physicochemical analysis, SEM-
EDX, TGA/DSC, XRD, and FTIR. The aim was
not only to characterize the biomass composition,
but also to identify species-specific properties
and potential constraints that may influence their
behavior following incorporation into agricul-
tural soils. This integrated comparative approach
provides complementary information relevant to
the preliminary assessment and selection of mi-
croalgal biomasses as potential soil amendments,
while providing a basis for subsequent soil and
plant experiments.

MATERIALS AND METHODS

Microalgae source

The microalgal biomasses used in this study
were commercially obtained as dried powders.
Chlorella vulgaris Beijerinck (C) and Arthro-
spira platensis (commercially marketed as Spi-
rulina) (S) were purchased from Purasana. Ac-
cording to the supplier’s product information,
both biomasses consist of 100% organic algal
powder without additional additives and are cer-
tified organic, vegan, and kosher. According to
the supplier, Chlorella vulgaris and Arthrospira
platensis are cultivated in open ponds using puri-
fied water and natural sunlight. Following har-
vesting, the biomass undergoes a brief heating
step, followed by controlled drying. The supplier
reports that these processing conditions are de-
signed to preserve the nutritional characteristics
of the products. According to the supplier’s qual-
ity-control information, individual batches are
tested for heavy metals, pesticides, and harmful
microorganisms, and the products are supplied in
accordance with IFS standards.

Nannochloropsis oculata (N) was obtained
from Feed Algae Maroc SA, located in Akhfe-
nir, Morocco. According to the information pro-
vided by the supplier, N. oculata was cultivated
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at 22 £ 1 °C, under a light intensity of 4.000
lux, with a 12 h light/12 h dark photoperiod.
The cultivation medium was maintained at a
salinity of 35 PSU, with continuous aeration
throughout the cultivation period. The biomass
was harvested and supplied in dried form for the
present study.

The commercial products were supplied as
dried powders and were directly subjected to the
physicochemical, morphological, thermal, and
structural characterization analyses described in
the following sections. The information regard-
ing cultivation, processing, and quality control
presented above corresponds to information pro-
vided by the respective suppliers and was not in-
dependently verified in the present study.

Determination of the physicochemical
properties of microalgae

The main physicochemical properties inves-
tigated in microalgal biomasses were organic
matter (OM), organic carbon (OC), cation ex-
change capacity (CEC), mineral nutrients, pH,
electrical conductivity (EC), and water holding
capacity (WHC).

Organic matter was determined using the
Walkley and Black (1934) method, while or-
ganic carbon was calculated from the measured
organic matter content. The concentrations of
nitrate nitrogen (N-NOs") and available phos-
phorus were determined using colorimetric
methods. The major cations, including Ca, K,
Mg, and Na, were quantified by flame emission
spectrophotometry, whereas the trace elements
Fe, Cu, Mn, and Zn were determined by atomic
absorption spectrophotometry. Cation exchange
capacity was determined according to the meth-
od of Metson (1957).

The pH and electrical conductivity (EC)
of the microalgal biomasses were determined
following the procedures described by Uroic¢
Stefanko et al. (2020), with modifications as de-
scribed below. For EC determination, 0.5 g of
dried microalgal biomass was placed in a 50 mL
test tube and mixed thoroughly with 10 mL of
deionized water, corresponding to a biomass-to-
water ratio of 1:20 (w/v). The suspension was
agitated for 1 h and then allowed to stand for 30
min before measurement. Electrical conductivity
was measured at 18.2 °C.

WHC was determined in triplicate using
small tubes measuring 5.5 cm in height and 4
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cm in diameter. The microalgal biomasses were
placed in pots lined at the bottom with fabric and
filter paper. The pots were then placed in a plastic
container filled with water and covered with alu-
minum foil. After 24 h, the tubes were removed
and allowed to drain for an additional 24 h before
weighing. The water-holding capacity was calcu-
lated relative to the dry weight of the biomass
according to the method described by El Mouss-
aoui et al. (2024).

All quantitative physicochemical measure-
ments were performed in three independent ana-
lytical replicates, and the results are expressed as
mean + standard deviation (SD).

Morphological characteristics (SEM)

The morphology and surface structure of the
microalgae, as well as the distribution of chemi-
cal elements present on their surface, were ex-
amined using scanning electron microscopy
coupled with energy-dispersive X-ray spectros-
copy (SEM-EDX) (Da Silva Veiga et al., 2021;
Varkolu et al., 2025). The instrument used was a
JEOL JSM IT-100 microscope equipped with an
energy-dispersive X-ray spectroscopy detector
(EDXS). This system enables determination of
the local quantitative elemental composition of a
sample through the analysis of characteristic ele-
mental X-ray emissions. The instrument provides
a maximum resolution of 100 nm.

For each microalgal biomass, several areas
were examined by SEM-EDX, and representa-
tive micrographs and EDX spectra were selected
for presentation. Images obtained at comparable
magnification were selected for Figure 1 to facili-
tate morphological comparison among Chlorella
vulgaris, Arthrospira platensis, and Nannochlo-
ropsis oculata. These analyses were carried out at
the Faculty of Sciences, Agadir, Ibn Zohr Univer-
sity, Morocco.

Thermal properties (TGA, DTG, DSC)

The thermal behavior of the microalgal bio-
masses was analyzed using a Setaram Themys
ONE thermal analyzer at the Analysis and Char-
acterization Platform of the National School of
Rabat, within the Laboratory of Physicochem-
istry of Inorganic and Organic Materials, Rabat,
Morocco. Each sample was heated under an air
atmosphere up to 800 °C at 20 °C/min, with a gas
flow rate of 45 mL/min.

Structural and chemical characteristics
(XRD, FTIR)

The crystallinity and structural properties of
the microalgae were analyzed using an X-ray
diffractometer (XRD, Bruker D8 Advance Twin)
equipped with a copper anticathode and operat-
ing with Cu-Ka radiation (A = 1.5418 A). Data
were collected over a 20 range of 5-100° with
a step size of 0.05°. Before analysis, the sam-
ples were finely ground using an agate mortar.
The diffraction patterns obtained for each sam-
ple were interpreted using HighScore software
(Singh et al., 2021).

In addition, Fourier-transform infrared spec-
troscopy (FTIR) was performed to identify the
functional groups present in the samples. This
technique is based on the absorption of infrared
radiation by chemical bonds, the characteristic
vibrational modes of which allow the identifi-
cation of the material’s functional groups (Arif
et al., 2021; Kritikaki et al., 2025). FTIR-ATR
analyses were carried out using an IRAffinity-
1S spectrometer (Shimadzu) equipped with a
Jasco ATR PRO ONE module. The samples were
prepared as pellets containing 1% finely ground
powder mixed with 99% KBr. Spectra were re-
corded in the range of 400-4000 cm™' with a
resolution of 4 cm™'. These analyses were carried
out at the Faculty of Sciences, Agadir, Ibn Zohr
University, Morocco.

RESULTS AND DISCUSSION

Physicochemical characterization

The physicochemical characterization re-
vealed marked differences among the three mi-
croalgal biomasses investigated (Table 1). All
samples exhibited high organic matter (OM)
contents, ranging from 80.40 + 2.6% to 96.80 +
2.65%, indicating that the biomasses were pre-
dominantly composed of organic material. C.
vulgaris (C) showed the highest OM content
(96.80+ 2.65%), followed by A. platensis (S)
(93.71+ 1.3%), whereas N. oculata (N) exhib-
ited a comparatively lower value (80.40+ 2.6%),
which may be associated with a higher mineral
fraction. The organic carbon (OC) contents dif-
fered among the three microalgal biomasses, with
values of 54.35 £ 0.75% for Chlorella sp., 56.14
+ 1.53% for Arthrospira platensis, and 46.63 +
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1.50% for N. oculata (N). The maximum value of
OC was obtained in the case of Arthrospira pla-
tensis, while the minimum value was determined
in the case of N. oculata (N). The observed dif-
ferences indicate that the samples have different
carbon compositions, which may be indicative of
various biochemical compositions and conditions
of cultivation. The microalgal biomass is gener-
ally composed of proteins, carbohydrates, and
lipids. However, the proportions of the compo-
nents listed above may vary for different species
and cultivation conditions (Wang and Yin, 2018;
Sharma et al., 2025). Moreover, microalgae can
accumulate extracellular polymeric substances
(EPS), which are mainly composed of polysac-
charides, proteins, lipids, and nucleic acids. This
means that EPS can be considered as an impor-
tant carbon and energy source (Xiao and Zheng,
2016). These characteristics contribute to the or-
ganic nature of microalgal biomass and may be
relevant when considering its potential interac-
tions with soil organic matter.

Differences were also observed in the CEC.
C. vulgaris (C) exhibited the highest CEC value
(12.66 £ 0.55 meq/100 g), followed by A. platen-
sis (S) (10.50 + 0.44 meq/100 g) and N. oculata
(N) (7.88 £ 0.24 meq/100 g). Such differences
may be related to variations in the composition
of the cell surface and cell wall, particularly the
presence of negatively charged functional groups
that can contribute to cation binding or exchange
(Monteiro et al., 2012).

The three biomasses contained measurable
amounts of mineral elements, although their con-
centrations differed considerably. N. oculata (N)
exhibited the highest concentrations of potas-
sium (25.85 £ 0.22 meq/100 g), sodium (34.31 +
1.20 meq/100 g), calcium (16.15 + 0.33 meq/100
), phosphorus (852.47 + 2.56 ppm), iron (27.66
+0.44 ppm), manganese (12.38 = 0.39 ppm), and
zinc (3.90 £ 0.65 ppm). In contrast, 4. platen-
sis (S) showed the highest magnesium (11.96 +
0.54 meq/100 g) and nitrate (466.46 + 4.83 ppm)
contents, whereas C. vulgaris (C) generally pre-
sented intermediate concentrations for most of
the analyzed parameters.

The mineral profiles, therefore, differed
substantially among the three biomasses, high-
lighting their distinct elemental compositions.
In particular, the relatively high concentrations
of P, K, Ca, Fe, Mn, and Zn accrued in N. ocu-
lata (N) provide a mineral nutrient supply when
added to the soil as an amendment. However, its
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markedly higher sodium concentration should
also be considered, as excessive Na inputs, it
may contribute to an increase in soil salinity at a
high rate of application.

Studies indicate that microalgal biomass con-
tains various compounds of potential interest for
agricultural applications, such as compounds with
bioactive properties, antioxidants, biostimulants,
and micronutrients (Parmar et al., 2023; Kapoore
et al., 2021). These properties should provide mi-
croalgal biomass with promising potential as an
additive to the soil. Nevertheless, the actual agro-
nomic effects of these biomasses require further
validation under soil and plant conditions.

The pH values of the three analyzed biomass-
es showed some variation (Table 1). N. oculata
(N) (pH 7.055 £ 0.04) and A. platensis (S) (pH
7.094 + 0.06) exhibited values close to neutrality,
whereas C. vulgaris (C) presented a slightly al-
kaline pH (8.360 + 0.16). The pH observed for A.
platensis (S) is consistent with the value reported
by Eissa et al., (2025), who measured a pH of
approximately 7.2 for A. platensis (S) grown in
freshwater. Previous studies have shown that the
pH values associated with microalgal cultivation
can vary according to species and cultivation
conditions, with values generally ranging from 8
to 10 for Chlorella vulgaris, around 8 for Nan-
nochloropsis bacillaris, and between 9 and 11 for
Arthrospira platensis (Dineshkumar et al., 2017).
In the present study, the pH of C. vulgaris (C)
was 8.360 + 0.16, slightly higher than the value
of 8.05 + 0.04 reported by Agliero-Quinones et
al., (2025) during the 8th to 16th days of cultiva-
tion. Such differences may be related to the dif-
ferences in cultivation and biomass processing
conditions. Since the present measurements were
performed on dried biomass, variations in mois-
ture content and sample preparation may also in-
fluence the measured pH.

Electrical conductivity (EC), which reflects
the concentration of soluble ionic species, showed
substantial differences among the three biomass-
es. The highest EC was recorded for N. oculata
(N) (19270 £ 4.58 uS/cm), followed by A. platen-
sis (S) (2482 £+ 4.35 uS/cm) and C. vulgaris (C)
(2115 £ 4.50 pS/cm). The markedly higher EC
observed for N. oculata (N) is consistent with its
marine origin and the presence of a higher con-
centration of soluble salts in the biomass. Simi-
lar observations were reported by Gharib et al.,
(2023), who associated the elevated EC of .
oculata (N) biomass with its saline cultivation
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environment. This result is also consistent with
the X-ray diffraction (XRD) analysis, which
identified NaCl and KCl as the major crystalline
phases in N. oculata (N) biomass. The presence
of these salts provides a plausible explanation for
its markedly higher EC. Therefore, the high salt
content of N. oculata (N) biomass should be con-
sidered when evaluating its potential agricultural
use, particularly in relation to application rate and
soil salinity.

Water holding capacity (WHC)

Water holding capacity is an important physi-
cochemical property commonly considered when
evaluating the potential suitability of biomass
materials for soil amendment applications. In the
present study, this parameter was measured to
characterize the moisture-retention capacity of
the analyzed microalgal biomasses.

Results from the current study are presented
in Table 2. Among the evaluated microalgae,
the obtained data suggest that (S) has the high-
est water-holding capacity, at 2.5 + 0.13 g H.O/g
dry weight, whereas that of (C) was 1.87 + 0.08
g H.0/g DW, and 1.70 £ 0.18 g H.O/g DW for
(N). Such a difference could be due to the more
fibrous cellular structure of (S), which makes it
more capable of absorbing and holding water
(Liu et al., 2023).

However, when compared with the values
from the previous research, water holding ca-
pacity is lower than that described by Ma et al.,

2018, who established a value of 340% for (S)
and 240% for (C). Bleakley et al., (2021) reported
a WHC for (S) at a value of about 2.25 g H.0O/g,
while Hayes et al., 2025 measured a value of 1.83
g H20/g for (C).

Morphological and elemental
characterization (SEM-EDX)

SEM observations showed clear differences
in morphology for the three microalgae studied
(Figure 1).

Cells of (C) were mostly oval to spherical,
with an irregular cell surface and a high ten-
dency to form aggregates. This can be ascribed
to the presence of extracellular polysaccharides
that induce cell aggregation and the formation of
clusters. These aggregates have been reported to
contribute to the interactions with soil microor-
ganisms and may influence soil organic carbon
dynamics as well as physicochemical properties
under soil conditions (Redmile Gordon et al.,
2020). However, these effects require further vali-
dation for the microalgal biomasses investigated
in the present study.

The microstructure of (N) showed a typical
spherical cell morphology, tightly packed in com-
pact clusters with a rough and uneven surface.
This is characteristic of the reported multi-layered,
thick cell wall for these microalgae (Khamila et
al.,2025). Filaments for (S) were folded and in spi-
ral morphology, as is typical for this cyanobacteri-
um. Liu et al., (2023) reported that the ribbon-like

Table 1. The physicochemical properties of the microalgae (C), (S), and (N)

Parameter (©) (S) (N)

OM (%) 93.71+1.30 96.80+2.65 80.40+2.60
OC (%) 54.35+0.75 56.14+1.53 46.63+1.50

CEC (meq/100g) 12.64+0.55 10.50+0.44 7.88+0.24
K (meq/100g) 18.52+0.54 3.52+0.57 25.85+0.22
Na (meq/100g) 20.68+0.48 13.40+0.70 34.31+1.20
Ca (meq/100g) 10.99+0.47 12.50+0.52 16.15+0.33
Mg(meq/100g) 6.64+0.43 11.96+0.54 10.330.47
P(ppm) 783.04+4.5 742.53+3.35 852.47+2.56

Fe (ppm) 10.73+0.32 13.88+0.65 27.66+0.44
Mn (ppm) 6.3510.61 5.91+0.27 12.38+0.39
Zn (ppm) 1.99+0.33 0.25+0.13 3.90+0.65
Cu (ppm) 0.61+0.24 0.37+0.06 0.40+0.08
N-NO, (ppm) 266.80+5.35 466.464.83 81.11£3.90
pH 8.36+0.16 7.094+0.06 7.055+0.04
EC (uS/cm) 21154.50 2482+4.35 19,270+4.58

Note: meq/100 g = milliequivalents per 100 g of dry material.
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Table 2. Water holding capacity (WHC) of microalgae (C), (S), and (N)

Microalgae WHC (g H,O /g dry weight)
(C) 1.87x0.08 (g H,0 /g DW)
(S) 2.50£0.13 (g H,0 /g DW)
(N) 1.70 £0.18 (g H,0 /g DW)

Table 3. SEM-EDX elemental composition of the investigated microalgal biomasses: Chlorella vulgaris,

Arthrospira platensis, and Nannochloropsis oculata
A)

Element Mass (%) Atomic (%) Sigma
C 47.07 54.35 0.02

N 6.14 6.08 0.02

e} 4417 38.29 0.07
Na 0.25 0.15 0.02
Mg 0.68 0.39 0.02

P 1.16 0.52 0.02
0.45 0.2 0.02

Cl 0.07 0.03 0.02

B)

Element Mass (%) Atomic (%) Sigma
C 47.07 54.27 0.02

N 8.28 8.19 0.01

o} 41.91 36.28 0.04

Na 0.13 0.08 0.01

Mg 0.55 0.31 0.01

P 1.05 0.47 0.01

0.56 0.24 0.01

K 0.45 0.16 0.02

Cl nd nd -
&)

Element Mass (%) Atomic (%) Sigma
C 45.16 59.48 0.03

N 2.46 2.78 0.02

e} 20.71 20.48 0.04
Na 13.09 9.01 0.04

S 0.59 0.29 0.02

Cl 16.47 7.35 0.05

K 1.51 0.61 0.03

morphology of Spirulina may enhance cohesive-
ness and facilitate interactions with soil matrices,
like organic fibers. However, this behavior was not
evaluated in the present study. In contrast, various
studies have observed other SEM morphologies
indicating that structural changes may take place
upon drying, which could confirm that different
drying methods influence the quality of the micro-
algal biomass (Aljabri et al., 2023).
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Complementary EDX spectra (Table 3)
showed that these biomasses are rich in carbon,
oxygen, and nitrogen, and contain essential nutri-
ents like P, S, Mg, Na, K, and Cl, all of which are
vital for plant development. These results support
the findings of Coppens et al. (2016). These re-
sults are consistent with previous studies report-
ing that microalgal biomass contains macro- and
micronutrients, including N, P, and K (Coppens
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Figure 1. SEM imaging with EDX elemental analysis of microalgal cells: (a) C. vulgaris (C) cells,
(b) N. oculata (N) cells, (c) 4. platensis (S) cells, (d) EDX analysis of elemental composition of
C. vulgaris (C) cells, (e¢) EDX analysis of elemental composition of N. oculata (N) cells,

(f) EDX analysis of elemental composition of 4. platensis (S) cells

et al.,, 2016). In the present study, quantitative
physicochemical analyses (Table 1) confirmed
the presence of organic matter, organic carbon,
mineral nutrients (P, K, Ca, Mg), and trace ele-
ments (Fe, Mn, Zn, and Cu) in the investigated
biomasses. These chemical characteristics high-
light the potential interest of microalgal biomass

as a soil amendment material; however, nutrient
availability, release behavior, and agronomic ef-
fectiveness require further validation through soil
incubation and plant-growth experiments. In ad-
dition, these elements have important functions
related to photosynthesis, enzymatic activation,
and plant cell wall structure (Diaz et al., 2024).
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The conducted study showed that no detect-
able lead signal was observed in the SEM—EDX
spectra of the analyzed microalgal biomasses.
This observation is consistent with the findings
of Aly et al., (2008), who reported no detect-
able lead concentration in Spirulina sp. biomass
and suggested its potential use as a plant growth
stimulator for agricultural purposes. However,
SEM-EDX provides localized elemental infor-
mation and cannot confirm the complete absence
of heavy metals.
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Figure 2. TGA/DTG analysis of (C) (a), (N) (b),
and (A) (c) at a heating rate of 20 °C/min
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Thermal gravimetric analysis (TGA/DTG)

The TGA analysis gives an indication of ther-
mal stability and phase composition, enabling the
identification of the temperature at which various
components either degrade or volatilize (Gholami
etal., 2025; Lothenbach et al.,2016). The data ob-
tained from TGA are presented as curves display-
ing a relationship between temperature and the
percentage of mass loss; these are used to obtain
the onset and completion temperatures of decom-
position. The DTG curve, which is the derivative
of the TGA curve, is also utilized in determin-
ing the maximum decomposition temperatures
(Ladjal-Ettoumi et al., 2024). Figure 2 presents
the results of TGA and DTG, which describe the
thermal behavior of the samples. The experiments
were carried out up to 800 °C with a heating rate
of 20 °C/min.

Thermal decomposition of the three bio-
masses is distinguished by three different stag-
es, namely, between 30-150 °C, corresponding
mainly to water dehydration (Diaz et al., 2024;
Ladjal-Ettoumi et al., 2024) and evaporation of
light volatile compounds (Diaz et al., 2024) with
a mass loss of about 8% for all three biomasses.

The second stage, between 150-500 °C, shows
high mass loss of about 57.36% for (S) this is due
to devolatilization reactions, whereby the sample
loses a significant part of its mass as volatile com-
pounds that come from the thermal degradation of
carbohydrates, polysaccharides, proteins, and lip-
ids (Dessi et al., 2021; Jacinto et al., 2023). Simi-
larly, previous studies (Chen et al., 2018; Ladjal-
Ettoumi et al., 2024) indicated that the protein,
carbohydrate, and lipid fractions in microalgae
mainly undergo pyrolysis between 150-500 °C.

Specific polysaccharides like pectin, agar, or
alginates are commonly present in the external
cell wall of microalgae, whereas the internal wall
is mainly made up of cellulose, which is a hydro-
philic molecule that degrades only at high tem-
peratures around 300-330 °C (Cebrian-Lloret et
al., 2022). Within the third thermal stage, in the
temperature range of 500-700 °C, mass losses of
about 7.44%, 8.29%, and 10.35% was recorded
for (S), (N), and (C), respectively. Beyond 700
°C, the mass loss became very minimal, and the
remaining residue stabilized, which accounts
for the formation of thermally stable char. The
overall yields of the final pyrolysis residues
were 27%, 29%, and 34% for (S), (C), and (N),
respectively, values close to those reported for
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Figure 3. DSC thermograms of microalgae (C), (N), and (S). The downward peaks reflect endothermic events,
and the upward peaks reflect exothermic events, obtained at a heating rate of 20°C/min

Spirulina sp., biomass, which is in the range of
28.47% (Ziyue et al., 2023). Other studies have
documented the final residue yields of 30% and
23% for A. platensis (S) and C. vulgaris (C), re-
spectively (Chen et al., 2018; Ladjal-Ettoumi et
al., 2024; Marcilla et al., 2009).

Differential scanning calorimetry

Differential scanning calorimetry (DSC) al-
lows for the identification of phase transitions
(such as melting or crystallization) that are essen-
tial in understanding material thermal and physi-
cal behavior. The obtained thermogram provides
not only quantitative data on specific heat capaci-
ty but also detailed information on different phase
transitions (Gholami et al., 2025).

The DSC curves (Figure 3) of the samples
under study show, in the temperature range of 50
and 120 °C, an endothermic peak with maxima
at 83 °C (C), 77 °C (N), and 95 °C (S). This phe-
nomenon is associated with dehydration or the
loss of free and bound water (Lima et al.,2024)
and may also correspond to the onset of protein
denaturation (Diaz et al., 2024). In detail, the
DSC analysis of (S) biomass exhibits a charac-
teristic endothermic transition with a maximum
around 95 °C, which may be associated with
protein denaturation and/or residual water loss.
This value is slightly lower than that reported by
Zeller et al. (2013), who observed a maximum
near 100 °C, and lower than that reported by oth-
er studies where denaturation peaks appeared at
146 °C for unwashed Spirulina sp., and at 158
°C for the washed one, at the same heating rate

of 10 °C/min (Diaz et al., 2024). These differ-
ences can be due to the influence of the operating
conditions, especially the heating rate (Diaz et
al., 2024; Nyoni et al., 2020). Variations in peak
intensities among the three curves may reflect
differences in water content or soluble protein
composition (Molino et al., 2018).

All the curves then present a wide exother-
mic region between 200 and 550 °C, with maxi-
mum activities between 400—450 °C for samples
(C) and (S) and between 500 and 550 °C for
(N). This region corresponds to the exothermic
decomposition of organic compounds such as
proteins, polysaccharides, and lipids (Zeller et
al., 2013). Noticeably, N.oculata (N)exhibited
a more intense exothermic peak, which may be
related to differences in biomass composition,
including lipid content, as reported for this genus
(Navalho et al., 2025).

X-ray diffraction

The X-ray diffraction patterns obtained for
microalgal biomasses are presented in Figure
4. Samples (C) and (S) showed an amorphous
microstructure with a strong diffraction peak at
around 260~19.8° and a weaker secondary signal
at about 8.9°. These signals are generally associ-
ated with the amorphous contribution of organic
components, including polysaccharides and nu-
cleic acids, within the microalgal matrix (Patil
et al.,2025). These observations agree with the
findings of Ladjal Ettoumi et al., 2024, as well
as other studies, which reported that the carbon
structure in C. vulgaris (C) and A. platensis (S)
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Figure 4. X-ray diffraction pattern of (a) (C), (b) (N),
and (¢) (S)

is amorphous in nature (Mashhadi et al., 2024;
Rohman et al., 2024; Wang et al., 2022).

In contrast, the diffraction pattern of (N)
presents a mainly crystalline structure, character-
ized by distinct and well-defined peaks at about
28.5° and 40.7°. The peaks at 26 =31.69°; 45.43°;
56.5°; 66.18° and 75.13° correspond to NacCl,
while those at 20 =28.36° and 40.54° correspond
to KCI. According to the mineralogical analysis,
there are two prevailing phases: the main phase
was halite (NaCl), which accounted for about
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Figure 5. FTIR spectra of microalgae (C), (S), and (N)

91%, while the secondary one was sylvite (KCl),
representing about 9%. Such a composition in-
dicates a high salt content, which may be attrib-
uted to the cultivation of N.oculata (N) in a sa-
line medium. This observation is consistent with
the high electrical conductivity measured for the
N.oculata (N) biomass.
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Fourier transform infrared (FTIR)

Figure 5 presents the FTIR spectra for the
various microalgae analyzed. Such analysis en-
ables the identification of the chemical bonds and
functional groups present in the samples. The
three spectra are highly similar, with variations
mainly in peak intensity, which suggests a com-
parable chemical composition among the micro-
algae, particularly with respect to their major
constituents: proteins, lipids, and carbohydrates.

The absorption profile in the region be-
tween 4000—400 cm™' can be differentiated by
four characteristic regions. Bands in the range
of 1600-1700 cm™, identified in all the spec-
tra, point out that the three microalgae contain
proteins. This is related to C=0O stretching vibra-
tions corresponding to the Amide I band (Lad-
jal-Ettoumi et al., 2024; Soco et al., 2025). The
band between 1500 and 1580 cm™ is due to N-H
bending and C-N stretching vibrations, from the
Amide II band (Diaz et al., 2024; Ladjal-Ettou-
mi et al., 2024; Soco et al., 2025). These obser-
vations are consistent with the results obtained
from thermogravimetric analysis (TGA/DTQ),
which show significant mass losses correspond-
ing to the decomposition of protein-related func-
tional groups. Diaz et al. (2024) presented a peak
at 1542 cm™ for Spirulina sp., quite close to the
values observed in this work.

A broad absorption within the region of
1200-900 cm™! is considered representative of
linkages of C-O-C and C-OH of carbohydrates
(Marcilla et al., 2009), reflecting the presence of
complex sugars or polysaccharides forming the
microalgal cell wall (Martin-Juarez et al., 2018).
A sharp peak at 2929 cm™ (C), 2923 cm™ (S),
and 2918 cm™ (N) represents stretching C-H in
aliphatic chains, which is representative of meth-
ylene groups present in the fatty acid chains and
amino acid side chains (Hu et al., 2025; Marcil-
la et al., 2009). In the spectrum of (N), a high-
er intensity was observed in the aliphatic C-H
stretching region (2918-2850 cm™). This feature
may be associated with differences in lipid-relat-
ed functional groups.

This result is consistent with the previous
findings reporting this strain as rich in lipids
(Cebrian-Lloret et al., 2022; Hamed et al., 2016).
Moreover, the cellulose-based cell wall of Nan-
nochloropsis sp., is reinforced by the protective
lipidic structure of algaenan (Hamed et al., 2016).

Finally, the band in the 3600-3100 cm™
range, often extending to 4000-3700 cm™, is
due to hydroxyl groups (-OH) (Bouaik et al.,
2021; Cebrian-Lloret et al., 2022; Hamed et al.,
2016; Wang et al., 2022).

It is a broadband attributed to the presence
of alcohols, phenols, or carboxylic acids, and
to adsorbed water (Bouaik et al., 2021; Wang
etal., 2022).

Overall, the FTIR spectra confirmed the pres-
ence of characteristic functional groups associ-
ated with proteins, carbohydrates, lipids, and
hydroxyl-containing compounds in the analyzed
microalgal biomasses.

CONCLUSIONS

The comprehensive physicochemical, mor-
phological, thermal, and structural character-
ization of Chlorella vulgaris, Arthrospira pla-
tensis, and Nannochloropsis oculata revealed
distinct and complementary characteristics
among the three microalgal biomasses. All bio-
masses showed high organic matter contents
and measurable amounts of mineral nutrients,
while A. platensis showed the highest water-
holding capacity (2.5 g H.O g' DW) and high-
er Mg and nitrate contents. C. vulgaris had the
highest cation exchange capacity, whereas N.
oculata demonstrated enhanced concentrations
of several mineral elements, including P, K,
Ca, Fe, Mn, and Zn. Nonetheless, the increased
conductivity and sodium content in N. oculata
make its utilization a complex process that re-
quires special attention to soil salinity and ap-
plication level.

The SEM-EDX, TGA/DTG, DSC, XRD, and
FTIR analyses provided additional information
about the morphology, elemental composition,
thermal properties, crystalline phases, and func-
tional groups of the biomasses. Notably, the oc-
currence of NaCl and KCl in N.oculata was in
line with their high conductivity and mineral con-
tent. None of the heavy metals were detected in
the EDX spectra analyzed. Nonetheless, this local
measurement cannot reliably indicate the absence
of heavy metals in the biomasses. For a final as-
sessment of the environmental safety of the ex-
amined samples, methods such as ICP—OES and
ICP-MS need to be utilized to determine concen-
tration values of the heavy metals.
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Overall, the findings suggest that the three
types of microalgal biomass have complementary
characteristics which may be important for their
application in soil amendments. Rather than treat-
ing these types of biomasses as direct alternatives
to conventional fertilizers based only on their
properties, it is important to evaluate them under
soil and plant conditions. Further research will
therefore aim at field experiments using the types
of microalgal biomass as soil enhancers, with the
major focus on the influence on soil properties,
nutrient content, soil moisture content, the growth
of plants, and the productivity of crops. Through
comparison of the three types of biomasses both
separately and in combinations if needed, their
agricultural potential and optimum application
rate would be defined.
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