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ARTICLE INFO ABSTRACT

Keywords: Algal blooms (Spirogyra), a common environmental challenge in shrimp farming, offer a valuable opportunity for
Algal biochar sustainable waste conversion into biochar. This study evaluates the feasibility of producing biochar from algal
Pyrolysis

biomass through pyrolysis, focusing on optimizing three key process parameters: temperature, residence time,
and heating rate. An L9 Taguchi orthogonal array was used to design the experiments. Biochar yield and quality
were analyzed using advanced characterization techniques, including PXRD, FESEM, EDAX, CHNS, RAMAN,
FTIR, BET, XPS, analysis, particle density, and pH measurement, to understand the physicochemical properties of
the resulting biochar. From the characterization data, the optimization of biochar yield in the context of the
functional group’s perspective and surface area is 70.5 % and 66.1 %, respectively. The pyrolyzed product,
pristine biochar, demonstrated that processing conditions significantly influence biochar structure and properties
quantitatively and qualitatively. These findings provide insight into optimal pyrolysis parameters for enhancing

Taguchi method
Pearson correlation matrix
Characterization techniques

biochar quality, with potential applications in environmental remediation and agricultural sustainability.

1. Introduction

The Industrial Revolution, driven by scientific and technological
advances, triggered major environmental issues like climate change,
pollution, and resource depletion. Fossil fuels, meeting 80 % of global
energy demand, are the main source of greenhouse gas emissions. To
mitigate this, developing renewable energy, adopting carbon capture,
and replacing fossil fuels are essential. To overcome the drawbacks of
fossil-derived products, biomass-based alternatives—such as fuels,
power, and chemicals are gaining traction for their renewability, lower
emissions, and sustainability. Biomass now stands out as a viable energy
source, helping reduce dependence on non-renewables, which still
supply 14 % of global energy annually. Biomass exists in various forms,
including animal dung, municipal waste, forest residues, agro waste [1],
and aquatic invasive plants. It is categorized by origin into primary
(natural), secondary (agricultural waste), tertiary (other by-products)
residues [2], and by composition into non-lignocellulosic and lignocel-
lulosic types [3]. With around 2.2 x 10! tons of lignocellulosic biomass
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produced annually, its abundance highlights the strong potential of
biomass as a renewable energy source.

Algae, a promising aquatic crop, offer thermochemical feedstock
potential due to their rapid growth, minimal space needs, and water
efficiency [2,3]. Both freshwater and marine macroalgae serve diverse
uses and support ecological balance. Their high CO, fixation, fast
biomass production, and potential to produce valuable compounds like
lipids, proteins, pigments, starches make them suitable for energy, food,
pharma, wastewater treatment, and pollution control. Recently, waste
algal biomass has been used to produce functional biochar via thermo-
chemical processes, reducing costs and environmental impact [4].

Biochar is a carbon-rich, porous material produced by thermo-
chemically decomposing biomass under low or no oxygen conditions
[5]. The thermochemical breakdown processes to produce biochar like
pyrolysis, hydrothermal carbonization, gasification, torrefaction, and
microwave heating vary in temperature and duration [6-8]. Biochar is
gaining attention for two key reasons: it stabilizes carbon, reducing
greenhouse gas emissions [9], and serves as a low-cost, eco-friendly
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adsorbent due to its high surface area and functional groups [10-12].
It’s widely used for metal adsorption, water purification, soil enhance-
ment, and clean energy production, while also aiding in pollutant
removal and emission reduction [13]. These benefits make biochar
valuable for tackling soil degradation, pollution, and climate change,
while also supporting waste management and sustainable development.
Algal biochar, in particular, stands out for its high surface area, hydro-
philicity, oxygenated groups, porous structure, and low cost, making it a
promising alternative to nanocarbons like graphene and CNTs in ap-
plications such as energy storage and environmental remediation [14,
15].

Algal biomass is an ideal pyrolysis feedstock due to its unique
properties such as the absence of complex polymers (like lignin, cellu-
lose, hemicellulose), low O/C ratio (yielding high calorific value), low
ash content, and low energy input requirements [14,16-19]. These traits
allow efficient degradation at lower temperatures, enhancing both en-
ergy efficiency and biochar quality. Pyrolysis performance depends on
factors such as reactor type, feedstock composition, and operating
conditions including temperature, heating rate, residence time, gas flow,
particle size, and catalysts [20-22]. Proper optimization improves the
amount and quality of products, making pyrolysis a very effective way to
use algal biomass [23].

Shrimp farming systems especially in intensive or semi-intensive
aquaculture (in this case ponds), often experience rapid microalgae
growth due to nutrient-rich [24] water. The water in these ponds is high
in nitrogen and phosphorus from shrimp feed and [25] excreta. So, the
algae biomass from here can contribute to water quality control initially.
But these same algae can become problematic when they accumulate
excessively or die off, leading to algal blooms, oxygen depletion, and
waste management [26,27] challenges. Thus, rather than treating this
algal biomass as waste, our study proposes a sustainable utilisation
strategy, i.e., converting it into biochar via pyrolysis.

As pyrolysis temperature changes, oxygen-containing functional
groups on biochar—especially carboxyl groups undergo significant
transformation [14]. For example, marine algae pyrolysis converts cel-
lulose into esters or carboxyl groups, but higher temperatures cause
these groups to degrade or carbonize, reducing active sites and heavy
metal adsorption capacity [28]. Thus, optimizing pyrolysis temperature
is key to retaining oxygen-rich functional groups. Algal biochar, con-
taining both oxygen- and nitrogen-functional groups, shows strong po-
tential for pollutant removal [29,30]. Although its surface area is
typically low, it increases with temperature [15]. However, biochar
yield declines with rising temperatures, as shown in studies on Saccha-
rina japonica, Sargassum fusiforme [28], and Eucheuma spinosum [31]. At
600-800 °C, pore volume, phosphate sorption, and surface area decline
due to pore collapse [32,33]. The thermochemical conversion of algal
biomass remains complex, and the combined effects of key pyrolysis
parameters like temperature, heating rate and residence time on algal
biochar yield and properties are still underexplored. Thus, optimization
for high-quality algal biochar production is still a research gap.

This study presents, baseline information that enables the assessment
of the primary parameters of pyrolysis on algal biochar, its physico-
chemical properties, and the optimization of both qualitative and
quantitative aspects using the L9 Taguchi method.

The Taguchi methodology is a statistical approach developed by
Genichi Taguchi to improve the quality of optimization process pa-
rameters with minimal experimental effort. It uses orthogonal arrays
and signal-to-noise (S/N) ratio to systematically design experiments,
allowing the evaluation of multiple factors and their interactions [34]
efficiently, which is why it has been chosen for this study [35]. Its use of
orthogonal arrays allows for the systematic evaluation of key varia-
bles—such as pyrolysis temperature, heating rate, and residence time-
—while reducing experimental complexity [36]. This method verifies
the interactions between parameters to significantly influence product
quality and yield. Moreover, the S/N ratio analysis helps identify the
earliest given conditions, ensuring consistent biochar quality under
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varying operational settings.
2. Experimental
2.1. Materials and methods

To prepare algal bloom (Spirogyra) biochar, biomass was obtained
from a shrimp aquaculture farm in Rajkanika, Kendrapara, India. The
collected biomass was washed thoroughly with tap water, followed by
distilled water multiple times to remove dirt and soil particles. It was
then dried under the sun to reduce the moisture content. After drying,
the biomass was ground using a Bajaj grinder and sieved to obtain a fine
particle size of 0.150 mm, ensuring a uniform texture for optimal py-
rolysis. The finely processed biomass was then subjected to pyrolysis in a
Tubular furnace under oxygen-free conditions. The pyrolysis was con-
ducted at three different temperatures—650 °C, 550 °C, and
450°C—with varying residence times of 60, 90, and 120 min. In addi-
tion, three different heating rates were applied: 5 °C/min, 10 °C/min,
and 15 °C/min. The material produced from this pyrolysis process is
referred to as pristine biochar, and its properties were influenced by
variations in temperature, pH, and heating rate—key factors in deter-
mining its suitability.

2.2. Experimental design and statistical implementation

In this current study Taguchi L9 OA design of experiment (DOE) has
been implemented to design the experimental strategy. Three opera-
tional parameters, referred to as control factors, are used in this study’s
L9 orthogonal array: the pyrolysis temperature (°C), residence time
(min), and heating rate(°C/min), each of which has three levels, as
indicated in Table 1. The L9 Taguchi orthogonal array experiments were
designed using MINITAB 14. Table 2, shows a maximum of 9 combi-
nations of three operational parameters for the experimental setup by
using the L9 Taguchi orthogonal array. By considering the mean value,
variance, and signal-to-noise (S/N) ratio, Taguchi design assesses pairs
of combinations to identify the optimal levels that contribute to the
optimum response value [37]. To ensure robust optimization, both
“larger-is-better” and “smaller-is-better” criteria were considered,
depending on the nature of the desired output and demonstrated in Egs.
[1,2], respectively.

Larger-is-Better (used when the goal is to maximize the response, e.
g., biochar yield):

1 1
S/N_ —101log,, (n E }'2> [1]
i—1 i

Smaller-is-Better (used when the goal is to minimize the response, e.
g., impurities or emissions):

1 n
S/N— —101log,, (nz y2> [2]
i=1

Here.

e n = number of repetitions for a given trial
e y; = observed response value for the i-th repetition

Where n is the number of repetitions for a given trial, and yi is the

Table —1

Taguchi L9 orthogonal array design of experiments.
Parameter Level 1 Level 2 Level 3
Temperature (°C) 450 550 650
Heating rate (°C/min) 5 10 15
Residence time (Min) 60 90 120
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Table —2
PYROLYSIS of biomass Taguchi L9 orthogonal array design of EXPERIMENTS
v design of experiments (3 factors * 3LEVELS).

Run  ALGAL Material =~ Temperature Heating rate Residence time
name Q) (°C/min) (Min)
1 Al 450 5 60
2 A2 550 10 90
3 A3 650 15 120
4 A4 450 10 120
5 A5 550 15 60
6 A6 650 5 90
7 A7 450 15 90
8 A8 550 5 120
9 A9 650 10 60

observed response value. A higher S/N ratio indicates improved per-
formance and reduced variability. Level-wise S/N means were
computed, followed by A (max-min) and ranking to identify the most
influential factors. The delta value, calculated as the difference between
the maximum and minimum mean S/N ratios for each factor, was used
to rank factor significance as demonstrated in Equation [3]. Main effect
and interaction plots were generated to visually interpret the effect of
each factor and its combinations on the response. The optimal factor
setting was identified by selecting the level with the highest S/N ratio for
each factor [38,39].

A= max(%) —min (W) [3]

where S/N; represents the average S/N ratio at each level of the factor j.
The factor with the highest delta value was considered the most influ-
ential on biochar yield.

2.3. Pearson correlation matrix

Pearson correlation analysis was conducted to quantify the strength
and direction of the linear relationship between process parameter-
s—temperature, residence time, and heating rate—and biochar prop-
erties, including yield, H/C ratio, O/C ratio, surface area, and particle
density. The correlation coefficient (r) was calculated using Equation

[4].
Y -X(¥-Y)
VE X -XP Y (% -7

[4]

Where Xi and Yi represent the observed values of the two variables, and
X and Y are their respective means. The Pearson correlation coefficient,
denoted as r, ranges from —1 to +1, where the sign indicates the di-
rection of the relationship and the absolute value reflects its strength. A
positive r value signifies a direct relationship, meaning both variables
tend to increase or decrease together. Conversely, a negative r value
indicates an inverse relationship, where an increase in one variable
corresponds to a decrease in the other. The closer the ‘r’ value is to either
+1 or —1, the stronger the correlation between the variables, while
values near zero suggest a weak or no linear relationship [40].

2.4. Preparation of biochar

Pyrolysis of algal biomass was performed in the tubular furnace
(model Ants), and the furnace was maintained in the absence of Oxygen.
The nine sets of experiments were run in the furnace with a designed set
of temperatures, heating rate, and residence time. The nine biochars
obtained were kept in an oven at 100 °C for 4 h. The yield percentage of
produced biochar was determined using the following formula in Eqs
[5]: where W represents the initial weight of the biomass, and Wy de-
notes the weight of the resulting biochar.
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Biochar Yield (%) = (Weight of produced biochar
/ Weight of initial biomass) x 100 [5]1

2.4.1. Particle density determination

To find out the density of the particle the following formula(equa-
tion:6 &7) has been used.

My: Weight of Empty Pycnometer.

Mg: Weight of Solid.

M;: Weight of solid and pycnometer (My+Ms)

M,: Weight of water and pycnometer (Mo+Mpy20)

M3: Weight of solid and water and pycnometer (My+Mg + My20)

[MS =M; - Mo]
[Miu20 =My — M|

[M;-IZO =M; - Ml}

v Mo =~ Mino [6]
Prz0
M
=_2 7
Ps Vs [7]

2.5. Instrumentation

The elemental composition and surface structure of the biomass and
biochar materials were examined using a CHNS analyzer (Thermo
Fischer Flash EA 1112), a scanning electron microscope, and an energy-
dispersive X-ray (EDAX) (Zeiss Gemini SEM 450). A surface area
analyzer (Bellsorp maxi, Microtrac bell crop) using the nitrogen
adsorption-desorption method was used to examine the surface area and
the pore structure of the material. The functional groups were analyzed
using Fourier transform infrared spectroscopy (Thermo-Nicolet), Raman
spectroscopy (Renishaw Invia), and X-ray photoelectron spectroscopy
(Axis Supra, Kratos Analytical Limited). The Bruker D8 Advance X-ray
diffraction spectrometer was used to examine the degree of graphitiza-
tion. The composition of the hemicellulose, cellulose, and lignin in the
biochar and Particle density were measured by pycnometer, (ASTM-
D854-14 standard).

3. Results and discussion

3.1. Effect of processing condition on biochar yield and physiochemical
properties

The L9 Taguchi orthogonal array, employing temperature, heating
rate, and residence time as primary variables, revealed distinct trends in
algal biochar yield and properties. A consistent decrease in yield was
observed as the pyrolysis temperature increased from 450 °C to 650 °C.
This reduction aligns with earlier reports where higher pyrolysis tem-
peratures promoted extensive devolatilization and thermal cracking,
thereby reducing solid residue and increasing ash content [41,42]. At
650 °C, the yield reduction was more pronounced than at 450 °C or
550 °C, suggesting near-complete decomposition of volatile matter and
enhanced secondary reactions, which is typical for biomass rich in
hemicellulose and cellulose [43]. For heating rate, the lowest rate
(5 °C/min) yielded less biochar compared to intermediate and higher
rates. This finding contrasts with studies on lignocellulosic biomass
where slower heating often increases yield [44], possibly due to the
different thermal degradation behaviour of algal biomass, which con-
tains more proteins, lipids, and mineral matter. In our case, faster
heating may have shortened the exposure time of volatile intermediates
to the hot zone, thereby reducing secondary char oxidation.

Residence time also exerted a notable influence: moderate residence
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times optimised yield and key physicochemical characteristics such as
particle density, BET surface area, and the abundance of carbonyl
groups. Excessively short residence times may not allow complete
carbonization, while excessively long durations can lead to further
gasification and degradation of fixed carbon, as reported in similar
studies [45]. Overall, temperature exerted the greatest influence on
yield, followed by effects on the C/H ratio, particle density, and surface
chemistry. This is consistent with reports that temperature is the
dominant factor shaping both the structural order and functional group
distribution in biochars [46]. The trends observed in our study thus
support the conclusion that optimizing pyrolysis con-
ditions—particularly maintaining moderate residence times and inter-
mediate heating rates while controlling temperature—is critical for
balancing yield with desirable physicochemical properties for environ-
mental applications.

3.2. Effect of temperature

The pyrolysis temperature is a critical input parameter in the ther-
mochemical conversion of biomass. A variation in pyrolysis temperature
influences the degree of carbonization in biochar, thereby affecting
several physicochemical parameters such as yield, pH, pore volume,
porosity, surface area carbon content, surface functionality, and hy-
drophobicity. Higher pyrolysis temperatures produce biochar with
higher specific surface area, pH and mineral content, Zeta potential pore
volume, aromaticity, fixed carbon content, and persistent free radical
(PFR), but lower yield, volatile matter release, surface functionality,
sulfur, hydrogen, oxygen, nitrogen, polarity and cation exchange ca-
pacity. Conversely, a lower pyrolysis temperature setting produces more
char, encourages the buildup of surface functional groups, improves
cation exchange capacity, decreases specific surface area, increases
water holding capacity, and lowers the char’s pH level [47]. According
to Lian et al. (2020) [48], the final yield of biochar for invasive horse-
weed plants decreases from 35.5 to 30.1 % and for ragweed, it decreases
from 37.2 to 29.6 % when the pyrolysis temperature increases from
350 °C to 550 °C. Another study found a similar pattern, with the pro-
duction of biochar reducing from 46.59 to 28.20 % when the Water
Hyacinth’s pyrolysis temperature raised from 300°C to 700 °C. Three
macroalgae (Porphyra tenera, Lamalia japonica, and Undaria pinnatifida)
were pyrolyzed at different temperatures (300-600 °C) in a slow py-
rolysis study [49].

The resulting products showed varying yield values and composi-
tions due to the physicochemical characteristics of each macroalga,
which included differences in AC (10.44-28.28 wt%), H/C ratio
(1.37-192), and O/C ratio (0.88-1.53). According to other studies, the
overall behaviors for all macro-algae were decreasing the generation of
biochar and rising yields of syngas and bio-oil as the pyrolysis temper-
atures were increased. Laminaria japonica, for example, was carbonized
via gradual pyrolysis at 300°C-600 °C before being combined with an
alginate solution to maximize and create Ca-alginate beads for phos-
phate removal [33].

Biochar yields decreased from 78.34 to 27.05 % as the temperature
went up, but AC yields increased from 22.92 to 64.19 %. This was
mainly caused by the raw algae’s alkaline mineral content [3]. Likewise,
from this study, we found that when varying temperatures from 450 °C
to 650 °C, the biochar yield decreases from 71.75 % to 63 % as tem-
perature increases. Out of 9 sets of experimental combinations, two
main temperatures are 450 °C & 550 °C, further selected by confirming
their yield in percentage and taking both C/H ratio and C/O ratio values.

3.3. Heating rate

In the pyrolysis of biomass, the heating rate is crucial since it in-
fluences the end product’s content and character. A low heating rate
increases the amount of biochar by preventing the thermal cracking of
biomass and lowering the possibility of subsequent pyrolysis processes.
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A rapid heating rate enhances the potential of biomass disintegration
into gas and prevents the repolymerization of algal lipid vapors, even at
low temperatures, hence increasing bio-oil production [50]. The low
heating rate favors the secondary reaction between a char particle and
volatiles to form secondary char while also gently removing the volatile
materials [51].

A higher yield of biochar was found in another study when Solidago
canadensis biomass was pyrolyzed at 300 °C with a heating rate ranging
from 4°C to 8 °C. Low residence time for the gradual degradation
throughout the conversion process, which results in reactions favoring
the polymerization of cellulose, may be the cause of the increased bio-
char production [12]. From Fig. 1. Our chosen set of heating rates is, 5,
10,15 °C/min with respect to temperature and residence time. From
Fig. 1, we observed that at 450 °C, while varying the heating rate from 5,
10,15 °C/min it shows the biochar yield was 70.05 %, 69.65 %, 70.5 %,
respectively, showing an irregular pattern. In the case of 550 °C tem-
perature, while increasing in heating rates, biochar yield increased from
62.9 % to 71.75, whereas at 650 °C temperature, at three heating rates
average yield is 63 %.

3.4. Feedstock type

Algal biomass (macroalgae and microalgae) possesses a unique
composition in contrast to lignocellulosic biomass. Algae are mostly
made up of complex, multidimensional organic materials with a unique
fibrous structure, including proteins, lipids, and carbohydrates.
Furthermore, the chemical composition of algae usually varies among
different species and is influenced by various factors, including growth
conditions and cultivation techniques. The chemical content and struc-
ture of the feedstock can influence the product composition and yield
during the pyrolysis process.

Algal biomasses exhibit significant variability in terms of protein,
lipid, and carbohydrate content, resulting in the production of products
with diverse compositions. Research indicates that the pyrolysis
behavior of algal biomass significantly differs from that of lignocellu-
losic biomass. The carbohydrates, proteins, and lipids in algal biomass
can be pyrolyzed more readily than the primary constituents of ligno-
cellulosic biomass, particularly those with elevated lignin content,
resulting in a greater bio-oil yield [22]. Biochar yields decrease with
rising pyrolysis temperatures. The pyrolysis algal biochar mostly con-
sists of carbon, hydrogen, nitrogen, ash, and a high percentage of inor-
ganic elements (P, K, Na, Ca, and Mg). The quantity of char produced by
algal pyrolysis is significantly more than that obtained from terrestrial
biomass sources, attributable to the elevated quantities of ash and fixed
carbon found in algal species. The ultimate analysis of biochar formed
from microalgae, macroalgae, and lignocellulosic biomass indicates that
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Fig. 1. Bar diagram showing the surface area from BET analysis of 9 set of algal
biochar with respect to Temperature, Heating rate, Residence Time.
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the properties of pyrolysis-derived biochars from microalgae are com-
parable to those from macroalgae, but distinct from those of lignocel-
lulosic biomass.

Algal biochars possess a reduced carbon concentration compared to
lignocellulosic biochar, though they indicate higher pH, nitrogen levels,
ash content, and inorganic components [52]. The initial and essential
step in assessing the utility and applications of algal biochar involves
quantifying its properties and comparing them with biochar derived
from other widely utilized terrestrial biomass feedstocks. Current
studies indicate that biochars derived from algal samples exhibit
fundamental differences compared to those generated from lignocellu-
losic feedstock. Typically, biochars derived from different algal species
exhibit low levels of carbon content, surface area, and cation exchange
capacity, while showing elevated pH, nitrogen, and extractable inor-
ganic nutrients such as phosphorus, potassium, calcium, and magne-
sium. In contrast, biochars derived from lignocellulosic materials
typically exhibit higher carbon contents and enhanced cation exchange
capacities, with pH values generally below 7, with specifically reduced
ash and available nutrient levels [53].

3.5. Characterization

3.5.1. BET

From Fig. 2 and Table 3, it is revealed that when the temperature
increased from 450 °C to 650 °C surface area of algal biochar increased
to 53.382 m?/g maximum out of 9 pyrolysis experimental setups. Out of
three residence times, 90 min showed comparatively higher surface area
than the 60 min & 120 min, whereas at 450 °C temperature with resi-
dence time of 120min showed 5.120 m?/g from the BET data. From the
above data, it is confirmed that pyrolysis temperature and residence
time have a significant influence on the surface area of algal biochar
than the heating rates.

3 —A7
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580 | A E
290 | 3 9
0 - =
é 870 B
> g
= 580 | =
7] [ R
= b g 39
cD 5 T 2
= 290 F S 3 v
) .——.—LL-L
0
0 — Algal biomass
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380
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0 L L L L L L
10 20 30 40 50 60 70 80
20 (degrees)

Fig. 2. PXRD graphs of Algal biomass, A2 biochar, A7 biochar.
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With an increase in pyrolysis temperature, a greater release of vol-
atile compounds occurs from the algal biomass, resulting in a more
porous structure that creates a wider surface area [54]. Higher surface
area can also result from faster pyrolysis heating rates because pores
form rapidly [55]. The duration of "residence time" during pyrolysis
plays a crucial role in influencing surface area. A longer presence of algal
biomass in the pyrolysis reactor allows for greater pore development and
an increase in overall surface area. However, it is important to note that
excessively prolonged residence times may result in pore collapse, ul-
timately diminishing the surface area once more [56], whereas shorter
residence times fail to create a porous structure and a lack of heat
transfer in the cell resulted in lower surface area. The BET surface area of
the sample showed a general enhancement with the increase in pyrolysis
temperature. The experimental results and the characteristics of the
pyrolytic products aligned with observations from other studies on
macroalgae, including Saccharina japonica [57]. Nevertheless, biochar
derived from macroalgae exhibits a comparatively greater surface area
(reaching up to 80 m?/g), which can be essential for applications in
catalysis and wastewater treatment [3,58]. Investigated biochar ob-
tained from macroalgae and found that the biochar from Eucheuma sp.
exhibited a notably higher surface area, measuring between 30.03 and
34.82 m?/g, compared to other species, which had surface areas ranging
from 1.29 to 8.87 m%/g.

From the above data, it is confirmed that pyrolysis temperature and
residence time have a significant influence on the surface area of algal
biochar than the heating rates. A similar kind of result was obtained by
Neonjyoti Bordoloi and their group. They found the variation in surface
area ranging from 1.72 to 123 mz/g as pyrolyzing microalgae Scene-
desmus dimorphus at different temperatures ranging from 300 °C to
600 °C with a heating rate of 40 °C/min [59]. In another study, Ronsse
et al. characterized the biochar produced from different feedstock and
obtained a variation in surface area with the range of 14-19 m?/g by
pyrolyzing dried algae biomass with a heating rate of 17 °C/min, resi-
dence time of 10 and 60 min, and pyrolysis ranging temperature be-
tween 300 °C and 750 °C [60].

3.5.2. PXRD

Patterns for algal biomass and biochars at 450 °C, 550 °C, and 650 °C
are illustrated in Fig. 2 & Fig. S2. Due to the presence of minerals in the
samples, two forms of crystalline structure were discovered after all the
samples exhibited highly similar XRD signals. These were halite at 20 =
31°-32°0 and 45°-46°, and sylvite at 20 = 28°-29°, 40°-41°, 50°-51°,
56°-58°. Crystals of KCl and NaCl are represented by sylvite and halite,
respectively. As the temperature of pyrolysis increased, the strength of
the peaks shifted because the biomass structure was destroyed [61],
which was in agreement with the standard graphite’s XRD patterns. The
diffraction peaks observed at various line counts corresponding to 260 =
30°, 32°, 40°, and 45° illustrate the crystalline structures present in the
cellulose of the biochar sample. Fig. 2 and Fig. S2 indicate that the
broadening reveals the alignment of crystallites in relation to the aro-
matic layers, with the peaks observed at 26 = 20°-30° corresponding to
the structural arrangement of the aromatic layers (graphite 002). The
presence of sharp, unidentified peaks in biochar indicates the presence
of several inorganic components. The increased occurrence of these
peaks aligns with the elevated levels of SiO5, CaO, and MgO, though this
aspect has not been thoroughly explored. The crystalline SiO, accounts
for the significant and primary peak observed at 20 = 29°. The X-ray
diffraction peak indicated that the biochar surface exhibits heteroge-
neity [62]. The most significant of them were crystalline quartz (SiO5)
and calcite (CaCO3), while other intense peaks were associated with
alkaline and alkaline salts.

As the temperature increases in conjunction with the heating rate,
many peaks become collapsed and more intensified, resulting in sharper
peaks. However, a 90-min residence time shows better, sharper, and
more stable peaks compared to other residence times, likely due to the
complete decomposition of cellulose materials in the algal biochar.
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Table 3
Input variables and output responses of 9 set of algal biochar.
INPUT VARIABLES OUTPUT RESPONSES
Exp No. ALGAL Material name Pyrolysis Temperature (°C) Heating rate (°C/min) Residence time (Min) Yield (%) (H/C) (0/0) SA
EDX

1 Al 450 5 60 70.05 0.066 1.746 12.164
2 A2 550 10 90 66.1 0.036 2.481 53.382
3 A3 650 15 120 59.65 0.012 1.618 15.460
4 A4 450 10 120 69.65 0.078 1.689 5.120
5 A5 550 15 60 71.75 0.126 1.751 5.320
6 A6 650 5 90 63.85 0.088 1.968 12.710
7 A7 450 15 90 70.5 0.120 2.760 20.548
8 A8 550 5 120 62.9 0.061 2.737 37.657
9 A9 650 10 60 63 0.028 1.916 45.747

Furthermore, the prominent and distinct XRD reflection peaks
confirmed that the synthesized material exhibited excellent crystallinity.

3.5.3. FESEM & EDAX

From Fig. 3 and Fig. S5 FESEM images reveal that while algal
biomass primarily exhibits a spherical morphology, biochar undergoes
deformation due to cell fragmentation during lipid extraction [63].
Wang et al., 2017 reported a compact, irregular and heterogeneous
surface. The FESEM analysis further indicates that as the temperature
increases from 450 °C to 650 °C, surface pores tend to melt and collapse.
Additionally, the images confirm the deposition of minerals and inor-
ganic salts, appearing as fiber-like structures. The FESEM images pre-
sented indicate that higher heating treatment of Spirogyra may yield a
more uniform structure, whereas the lower heating process appears to
result in blocks exhibiting irregular and shattered morphology [64].

3.5.4. FTIR spectroscopy

Fourier transform infrared (FTIR) spectroscopy was used within the
range of 400-4000 cm ™! to study the influence of pyrolysis and heating
rate on the generation of functional groups on the surface of the biochar.
The existence of these functional groups determines the surface reac-
tivity of the biochar. Fig. 4 & S1 and Table 4 show the functional groups

"o ok

13
226
11K

00K
00 13

Det: Octane Elect Phus

14 0K
128

1"

22
16%

00
00 13

Det: Octane Bect Phus

140K
126K

12K

00K
00 13

Det: Octane Blect Plus

31:03-2023 | S4] Area 1| Selected Ares 1

10-06-2023 | $2 | Area 1| Selected Ares 1
1o,

14-07-2023 | 55| Area 1| Selected Area 1

Transmittance (%)

2360

L RS- L U T

1390

4000

K

Fig.

Ma K

65

T
3000

T
2000

Wavenumber (cm™)

. 4. FTIR graph of A2, A7 Algal biochar.

MakFeK oy

Fig. 3. FESEM images of Algal (Spirogyra) biomass, A2 algal biochar, A7 algal biochar (From top to bottom).



S.P. Palai et al.

Table 4

FTIR peaks of A2, A7 algal biochar.
Wavenumber Functional groups References
(em™)
3350 -OH (Stretching) [31]
1910-2360 -C=0 (Stretching, Ketene) [59,64]
1730-1150 Heteroatom functional groups [64]
1617-1635 -C=O0 stretching (aromatic ring) [11]
1390 Aliphatic C—H stretching [11]
1023 Primary alcohols and carbohydrates (C—O [11]

stretching)

873 Polycyclic aromatic hydrocarbons (PAHs) [23]
467 Si-O-Si (Bending) [48,66]

present in the algae biomass-derived biochar. All biochar samples show
an important hydroxyl group (-OH) stretching vibration peak at about
3350 cm ™! [65]. High temperatures of pyrolysis lead to a decrease in the
O-H stretching may be due to dehydration (Fig. S1) [51,53]. The
stretching of the carbonyl bond (-C = O) in ketene is seen as crests within
the range of approximately 1910-2360 cm™! (Fig. 4 and Fig. S1) [66,
67]. The peaks in the range of 1617-1635 cm™! and ~1790 cm ™' may
be due to the stretching of C=0 aromatic rings [68,69]. Similarly, a peak
at 1390 cm™! indicates the aliphatic C-H group stretching [68]. The
FTIR peaks at 1023 cm™! are present due to the C-O bond stretching of
1° alcohols and carbohydrates [68]. Additionally, peaks at 873 cm ! are
located, which may be associated with the presence of polycyclic aro-
matic hydrocarbons (PAHs) [70]. The FTIR peaks at ~467 em™! due to
the bending vibration of the Si-O-Si bond [71,72]. The trace amounts of
silicon in the biochar could be the cause of the silicon bonding. The FTIR
spectra show that the surface of the biochar is reached in
oxygen-containing functional groups. As a general conclusion from the
FTIR analysis, it can be stated that the number of functional groups is
less at the high pyrolysis temperature, i.e., 650 °C (Fig. S1C). The
presence of more functional groups with greater oxygen-containing
functional groups at low pyrolysis temperatures of the biochar helps
in adsorbing the pollutant-containing wastewater.

3.5.5. Raman analysis

Raman spectroscopy was used to determine the degree of graphiti-
zation of biochar [73]. The analysis of biochar using Raman spectros-
copy suggested the presence of G and D bands at ~1598 and ~1350
crn’l, respectively (Fig. 5 and Fig. S3) [73]. The G-band, which lies
between 1580 and 1605 cm™?, corresponds to in-plane bond-stretching
movements of groups of sp? carbon atoms in small chains and rings,
signifying the presence of graphitic carbon [68]. Similarly, the D-band,
positioned between 1334 and 1361 em™}, is associated with carbon
atoms that have defects or disordered structures, commonly found in
amorphous biochar. The Ip/Ig ratio indicates the extent of the disorder
and structural organisation of the biochar [68]. The Raman spectra of all

Biomass and Bioenergy 204 (2026) 108401

the algae biochar ranged from 800 to 1800 cm™! and have been
curve-fitted with two bands, namely D and G bands (Fig. 5 and Fig. S3).
As the pyrolysis temperature increases, from 450 °C to 650 °C, there are
more defects in the biochar structure with Ip/Ig values ranging from
2.23 to 2.83 (Fig. 5 and Fig. S3). This indicates that a greater number of
aromatic rings with graphitic structure may be present at the lower
pyrolysis of algae biochar. This helps in increasing the = —  interaction
between the adsorbent algae biochar and the adsorbate pollutant [74].

3.5.6. XPS analysis

X-ray photoelectron spectroscopy (XPS) analysis was used to deter-
mine the elemental composition, oxidation states, chemical bonding,
and functional groups of the biochar [75,76]. The surface containing
functional groups and the deconvoluted spectra of Cls, N1s, and Ols of
the algae biochar (A2 and A7) are shown in Fig. 6 and Table S1. The
deconvolution spectra of C1s of the algae biochar show 3 types of peaks.
The graphitic and aromatic network peak is due to the C-C and C=C at
284.5eV and 285.5eV due to the C-OH of alcoholic and phenolic groups
shown in both of the algae biochar materials (Fig. 6 and Table S1) [75,
77-79]. The peak at 285.7eV due to the C-N amine groups is only pre-
sent in the A7 algae biochar (Fig. 6 and Table S1) [75]. Similarly, N1s
deconvoluted shows two types of common peaks at 399.4eV/400eV are
present on both of the algae biochar, presenting the amine group (Fig. 6
and Table S1) [75,80,81]. The Ols deconvoluted spectra show 4
different types of peaks for both of the algae biochar, with peaks at
531.4eV, 532.3eV, and 532.8eV common on both of the biochar, pre-
senting carbonyl/carboxyl, hydroxyl, and phenolic/ether bonded
groups respectively (Fig. 6 and Table S1) [76,82-84]. The peak at
533.1eV is present in only A7 algae biochar, and this presents the ester,
anhydride, and aromatic C=0 groups (Fig. 6 and Table S1) [82,85]. So,
from the XPS analysis, it is confirmed that both the A2 and A7 algae
biochar contain carbon and oxygen functional groups of the surface
biochar with richer oxygen-containing groups (with O/C for A2 = 0.72
and A7 = 0.34), and that helps in adsorbing the wastewater containing
pollutants by enhancing the surface hydrophilicity nature of the bio-
carbon [86]. Also, from the EDX elemental analysis data, the O/C ratio is
highest for both the A2 and A7 biochar (i.e., A2 = 2.481 and A7 = 2.760)
as compared to other algae biochar material, which enhances the XPS
analysis data and indicates both are richer in oxygen functionalities [84,
86].

Also, from the EDX elemental analysis data, the O/C ratio is highest
for both the A2 and A7 biochar (i.e., A2 = 2.481 and A7 = 2.760) as
compared to other algae biochar material, which enhances the XPS
analysis data and indicates both are richer in oxygen functionalities [84,
86]. The additional lower-intensity XPS peaks are identified at around
100eV-102eV, 150eV-152eV, 340eV-360eV, and 1070eV-1072eV,
corresponding to Si-2p, Si-2s, Ca-2p, and Na-1s, respectively (Fig. S6).
This result is in line with the result obtained from the characterization of
EDAX and XRD, which shows that an appreciable amount of silicon,
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Fig. 5. Raman spectra of algae biochar (A) A2, (B) A7.
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Fig. 6. High-resolution XPS spectra of A2 [(A) full-spectrum, (B) Cls, (C) N1s and (D) O1s], and A7 [(A) full-spectrum, (B) Cs, (C) Ns and (D) Os].

calcium, and sodium is present in both A2 and A7 biochar.

3.5.7. Particle density

According to the particle density analysis of algal biochar using a
pycnometer (ASTM- D854-14 standard), the particle density of biochar
generally increases as the pyrolysis temperature increases. As shown in
Fig. 7, a higher heating rate frequently results in a slightly higher par-
ticle density because the volatile matter decomposes faster, creating a
denser char structure. Consequently, the temperature and heating rate
generally increase as the biochar particle becomes denser and finer. The
shrinking and fracturing of larger particles into small, regular particles
caused by pyrolysis led to a decrease in particle size while increasing the
actual density of the homogenous species products [87]. It is reported
that a qualitative range of particle density is 1.5-2.0 g/cm> but here
particle density is higher due to being rich in silica and inorganic con-
tents (Ca, K, Mg, Na), which is confirmed from of PXRD & EDAX char-
acterizations. [88]. The mechanical stability, rigidity, and feedstock
composition are critical factors in the production of biochar, as they
greatly affect its final properties such as porosity, density, and particle
size. Porosity exhibits an inverse correlation with mechanical stability
while showing a direct proportionality to density. A higher particle
density of biochar suggests an increased presence of micropores, as these
have diameters less than 2 nm. Conversely, if the pyrolysis process re-
sults in the formation of more mesopores, which range from 2 to 10 nm
in diameter, the particle density of the biochar will decrease [89].

3.5.8. Proximate analysis
The results of proximate analysis of the macroalgae Spirogyra

Al
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B As
B 56
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|V

Fig. 7. Pie chart showing particle density and yield% of 9 set of Algal biochar.

biomass and biochar are presented in Table 5. The initial content of
volatile matter (VM), ash content (AC), and fixed carbon (FC) content of
the selected algae biomass are found to be 40.12 + 0.41 %, 52.24 +
0.67 %, and 7.64 + 0.39 %, respectively. After pyrolysis treatment, both
VM and FC decreased, while ash content increased, indicating the
thermal degradation of organic components and the concentration effect
of the inorganic residues in the biochar [90].

3.5.9. pH analysis

Table 6 illustrates that all algal biochars exhibited alkaline proper-
ties. The pH of biochar derived from an algal bloom varies between 8.70
and 9.51. When the pyrolysis temperature increases from 450 to 650 °C
and the residence time also equal influence as pH decreases when it
comes to 120min. The pyrolysis temperature and the algal samples in-
fluence the pH of biochar. The study conducted by Ref. [91] indicates a
correlation between the pH of biochar and the presence of oxygen
functionalities within it [92] found that as the pyrolysis temperature
increased from 250 °C to 600 °C, the algal biochar’s pH increased from
8.7 to 13.7. The pH behaviour indicates that higher pyrolysis tempera-
tures generally result in algal biochar exhibiting a higher pH. This
phenomenon is attributed to the greater presence of alkaline mineral
components, such as calcium and potassium, which are released during
the decomposition of algal biomass. At lower temperatures
(200°C-300 °C), cellulose undergoes decomposition, resulting in the
formation of phenolic substances and organic acids. At temperatures
exceeding 300 °C, alkali salts separate from organic matter, resulting in
an increase in pH [93].

4. S/N analysis
4.1. Result for SA

The Main Effects Plot for Surface Area (SA) reveals that pyrolysis
temperature, heating rate, and residence time each have a significant
impact on biochar’s surface area (Fig. 8(a)). The SA increases from
450 °C to 550 °C and then declines at 650 °C, indicating that 550 °C is
the optimal temperature for effective pore development, while higher
temperatures may cause pore collapse due to over-carbonization. Simi-
larly, the heating rate of 10 °C/min yields the highest SA, suggesting that
moderate heating allows controlled volatile release and better pore
structure, whereas a higher rate (15 °C/min) likely causes structural
damage. For residence time, 90 min proves to be optimal, as it provides
sufficient duration for char formation and porosity without degradation
that may occur at longer times. The response Table 7 shows the Signal-
to-Noise (S/N) ratios using the "larger is better" criterion identifies the
optimal conditions for maximizing the surface area (SA) of biochar.
Among the three parameters, pyrolysis temperature has the highest
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Table 5
Proximate analysis of the macroalgae Spirogyra biomass and biochar.

Biomass and Bioenergy 204 (2026) 108401

Sample name *Proximate analysis (%)

Ultimate analysis (%)

VM ASH FC C H N S o”
Biomass 40.12 + 0.41 52.24 + 0.67 7.64 + 0.39 14.39 1.6 1.16 0.5 30.11
A2 35.73 + 0.76 59.40 + 1.20 4.20 + 0.23 12.64 0.41 0.56 0.17 26.82
A7 29.78 + 0.47 65.26 + 0.33 4.96 + 0.28 13.94 0.65 0.82 0.32 19.01
4.2. Result for 0O/C

Table 6

PH results of all 9 set of algal biochar. The main effects plot Fig. 9(a) for O/C shows that pyrolysis tem-
Run Temp-Heating Rate- Residence Time pH perature significantly influences the oxygen-to-carbon ratio, with O/C
1 A-450-5-60 9.01 peaking at 550 °C and dropping sharply at 650 °C, indicating reduced
2 A-550-10-90 9.11 oxygen-containing functional groups due to enhanced carbonization at
3 A-650-15-120 9.72 higher temperatures. The heating rate shows minimal impact, though a
4 A-450-10-120 8.84 o . . . . o
5 A-550-15-60 018 slight increase at 10 °C/min suggests improved functionality, making it
6 A-650-5-90 9.51 moderately favorable. Residence time has a notable effect, with O/C
7 A-450-15-90 8.70 lowest at 60 min, peaking at 90 min, and then slightly declining at 120
8 A-550-5-120 8.88 min, suggesting that 90 min provides optimal conditions for retaining
9 A-650-10-60 9.80

influence (Delta = 6.15) on SA, followed by heating rate (Delta = 5.79)
and residence time (Delta = 4.49).

From Table 7 and the Main Effects Plot Fig. 8 (b) for SA using Signal-
to-Noise (S/N) ratios confirm that a pyrolysis temperature of 550 °C, a
heating rate of 10 °C/min, and a residence time of 90 min are the most
robust settings for maximizing surface area, as these conditions consis-
tently yield higher SA with less variability. Interaction plots further
reveal strong interactions, especially between temperature and heating
rate, and between heating rate and residence time, highlighting that SA
is maximized only when the right combination of parameters is used
together. At higher temperatures like 650 °C, increasing the heating rate

oxygen groups before further degradation occurs.

The analysis of the S/N ratio in Table 8 for the O/C ratio reveals that
residence time is the most influential factor (highest delta = 2.412),
followed by temperature (delta = 1.932), while heating rate has the least
impact (delta = 0.534). The S/N main effects plot in Fig. 9(b) and
Table 8 confirms that 550 °C, 10 °C/min, and 90 min are optimal set-
tings for maximizing the O/C ratio, as higher temperatures and faster
heating degrade oxygen-containing functional groups. The interaction
plots further illustrate how combinations of factors influence O/C; non-

Table 7
SA response table for signal to noise ratios.

doesn’t improve SA, while higher heating rates (15 °C/min) generally Level T(CO Ht (°C/min) Rt (min)
result in poor SA across all residence times and temperatures. These 1 20.71 25.10 23.14
findings emphasize that optimal SA is achieved not only by selecting the 2 26.86 27.31 27.63
best individual values but also by carefully tuning parameter combina- ]?) " 22?2 22‘% 23‘1‘2
tions to avoid structural collapse or insufficient pore development. R:ﬁ; 1 5 N
*Larger is better.
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Table 8

O/C response table for signal to noise ratios.
Level T (°C) Ht (°C/min) Rt (min)
1 6.071 6.489 5.118
2 7.168 6.031 7.530
3 5.236 5.954 5.826
Delta 1.932 0.534 2.412
Rank 2 3 1

* Larger is better.

parallel lines (e.g., between temperature and residence time, and heat-
ing rate and residence time) indicate strong interactions, where changes
in one factor significantly affect the outcome depending on the level of
the other. Across interactions, high temperature (650 °C) consistently

leads to low O/C values, suggesting excessive carbonization that elimi-
nates oxygen groups. Conversely, a 10 °C/min heating rate synergizes
well with both 550 °C and 90 min, while 15 °C/min heating uniformly
results in lower O/C ratios, likely due to rapid devolatilization. These
plots underscore that moderate temperature and heating rate combined
with sufficient residence time are crucial for preserving or enhancing
oxygen-containing groups in biochar, with temperature being the most
dominant factor in determining final O/C outcomes.

4.3. H/C output

Fig. 10(a) shows the main effects of process parameters on the H/C
ratio. It is evident that temperature (T) has a significant impact — as T
increases from 450 °C to 650 °C, the H/C ratio sharply decreases,

(a) Main Effects Plot for H/C (b) Main Effects Plot for H/C
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Table 9

H/C response table for signal to noise ratios.
Level T (°C) Ht (°C/min) Rt (min)
1 21.39 23.00 24.22
2 23.72 27.36 22.80
3 30.19 24.94 28.29
Delta 8.80 4.36 5.49
Rank 1 3 2

* Smaller is better.

indicating enhanced aromaticity and thermal maturity of the biochar.
Similarly, increasing the heating rate to 10 °C/min initially reduces H/C,
but further increasing to 15 °C/min increases it again — suggesting
incomplete dehydrogenation at higher rates. For residence time (Rt), 90
min results in the lowest H/C ratio, likely due to sufficient devolatili-
zation and carbon rearrangement. Fig. 10(b), the Main Effects Plot for
H/C based on Signal-to-Noise (S/N) ratios under the "Smaller is Better"
criterion, shows that temperature has the most significant influence on
reducing the H/C ratio, with the highest S/N observed at 650 °C, indi-
cating enhanced carbon stability and aromaticity at this level. The
heating rate of 10 °C/min also results in a better (lower) H/C ratio, likely
due to more controlled devolatilization, while the residence time of 120
min gives the best outcome among its levels, though its effect is less
steep. The S/N response table in Table 9 shows that temperature (T) has
the most significant impact (A = 8.80, Rank 1) on H/C, followed by
residence time (Rt) (A = 5.49, Rank 2), and heating rate (Ht) (A = 4.36,
Rank 3). The interaction plot Fig. 10(c) for the H/C ratio reveals sig-
nificant interaction effects among temperature, heating rate, and resi-
dence time, as indicated by the non-parallel lines. The most prominent
interaction is between temperature and heating rate, where the benefit
of a high temperature (650 °C) in reducing the H/C ratio is maximized
when paired with a lower heating rate (10 °C/min). Additionally, longer
residence times (90-120 min) further enhance this effect, leading to
consistently low H/C values. These interactions highlight that the in-
fluence of one parameter on the H/C ratio is strongly dependent on the
levels of the others, confirming that optimal biochar stability is achieved
through a synergistic combination of high temperature, slow heating,
and sufficient residence time.
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4.4. Yield output

The graphical analysis in the provided figure offers valuable insight
into the influence of process parameters on the Yield (%). In Fig. 11(a),
the Main Effects Plot illustrates how individual parameters temperature
(T), heating rate (Ht), and residence time (Rt) affect the mean yield.
Yield shows a declining trend with increasing temperature, where
450 °C yields the highest and 650 °C the lowest, indicating that lower
temperatures are more favorable for yield. The heating rate shows a
slight increase in yield from 5 °C/min to 15 °C/min, suggesting faster
heating may enhance yield marginally. Residence time exhibits a peak at
90 min, while both 60- and 120-min results in lower yields, indicating
that an optimal hold time is essential.

The response table, Table 10 for signal-to-noise ratios (S/N) using the
"Larger is Better" criterion reveals the relative influence of the process
parameters Temperature (T), Heating Rate (Ht), and Residence Time
(Rt) on maximizing yield. Among the three, temperature has the most
significant impact, indicated by the highest delta value of 1.04, sug-
gesting it plays the most critical role in enhancing yield consistency and
magnitude. Residence time ranks second (delta = 0.56), while heating
rate shows the least influence with a delta of just 0.20. Fig. 11(b), the
Main Effects Plot for Signal-to-Noise (S/N) Ratios, supports these ob-
servations with a "larger is better" criterion, reinforcing that 450 °C,
15 °C/min, and 90 min are optimal conditions for maximizing consistent
yield. Fig. 11(c) presents the Interaction Plot, showing how these pa-
rameters interact. Strong interactions are observed between tempera-
ture and residence time, where lower temperatures combined with
moderate residence time (90 min) yield better results. Interactions be-
tween heating rate and other parameters are relatively moderate but still
impactful, particularly at extreme values. Overall, the plots collectively
indicate that a lower temperature (450 °C), a higher heating rate (15 °C/
min), and an intermediate residence time (90 min) are the most effective
conditions for maximizing and stabilizing yield.

5. Pearson correlation matrix

In the present study, the Pearson correlation matrix was employed as
a complementary statistical tool to the Taguchi optimization framework.
While the Taguchi method systematically identified optimal process
parameter combinations, the correlation analysis provided additional

Fig. 11. Main Effect Plot for SA (a) Means of Means (b) S/N ratios and (c) Interaction plot for Yield.
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Table 10

Yield response table for signal to noise ratios.
Level T (°C) Ht (°C/min) Rt (min)
1 36.91 36.33 36.67
2 36.50 36.42 36.49
3 35.87 36.53 36.11
Delta 1.04 0.20 0.56
Rank 1 3 2

* Larger is better.

insights into the interrelationships between processing variables (tem-
perature, residence time, heating rate) and biochar properties (yield, H/
C, O/C, surface area, particle density). This statistical mapping of re-
lationships informed the material design rationale by revealing which
parameters exerted the strongest positive or negative influence on tar-
geted properties, thereby supporting the selection of control factors for
optimization. For instance, the observed strong negative correlations
between temperature and yield, as well as between heating rate and
surface area, validated trends seen in the Taguchi main effect plots and
reinforced the mechanistic understanding that higher thermal severity
promotes devolatilization, increases surface area, and decreases
hydrogen and oxygen content. Although the Pearson correlation results
were not used in isolation to set the optimum levels, they served as a
cross-validation tool for the Taguchi results and provided a mechanistic
justification for the observed trends in biochar formation.

In Fig. 12(A), the Pearson correlation coefficient matrix was gener-
ated using five variables with respect to temperature. After running the
program, the output parameters, algal biochar yield, H/C, O/C, surface
area, and particle density were analyzed for their temperature depen-
dence. The matrix revealed the inter-correlation among these variables,
where positive correlations indicated a direct proportionality to tem-
perature. This means that as temperature increased, surface area and
particle density also increased. In contrast, the negative correlation of
biochar yield, H/C, and O/C ratios with temperature indicates that as
temperature increases, these values decrease, showcasing an inverse
relationship with temperature. From Fig. 12(B) shows the correlation
matrix between residence time and 5 other output variables shows a
significant relation between residence time, as it increased, in
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influenced negatively yield, H/C, and surface area, where it has a pos-
itive relation with O/C and particle density. Similarly, from Fig. 12(C) it
showed the correlation between heating rate with the same variable
parameters, and heating rate has also a significant negative effect on
yield, O/C, surface area and particle density, positive correlation with
H/C only. From the above Figures Majorly, Temperature, heating rate,
and residence time are collectively inversely proportional to algal bio-
char yield [39,94].

6. Discussion on the effect of processing parameters on biochar
properties

The Taguchi analysis of nine pristine algal biochar samples
confirmed that pyrolysis temperature, heating rate, and residence time
strongly govern yield, functional group composition, and surface area.
The same trends were validated by the Pearson correlation matrix,
underscoring the robustness of the observed relationships. As shown in
Fig. 13, biochar yield decreased markedly with temperature, from
450 °C to 650 °C. This inverse relationship is well documented for both
lignocellulosic and algal feedstocks, where higher temperatures promote
extensive devolatilization, secondary cracking, and ash formation [41,
42]. While yield declined, surface area and functional group develop-
ment improved with temperature, peaking at 550 °C. This agrees with
Keiluweit et al. (2010) [46], who reported that intermediate pyrolysis
temperatures balance pore formation with retention of surface oxygen
functionality. Heating rate and residence time showed more nuanced
effects. A moderate heating rate (10 °C/min) and residence time of 90
min (sample A2) produced the highest BET surface area (53.382 m? g~ 1)
and O/C ratio (Fig. 14). Moderate heating appears to allow gradual
volatile evolution, promoting stable pore structures without collap-
se—similar to trends observed by Cantrell et al. (2012) [44]. In contrast,
the fastest heating rate (15 °C/min) at 450 °C yielded biochar A7 with
the highest O/C ratio and abundant oxygenated functional groups,
confirmed by FTIR and XPS. Such hydrophilic surfaces favour electro-
static interactions, enhancing metal ion adsorption [94].

Residence time also critically influenced outcomes. Shorter times
(60 min) may limit carbonization, while longer durations (120 min)
promote gasification losses. The 90-min optimum aligns with Liu et al.
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Fig. 12. (A)- Pearson correlation matrix of total of 6 variables with respect to temperature, (B)- Residence Time, (C)- Heating rate.
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Fig. 13. Bar diagram showing percentage yield of 9 sets of Pristine algal bio-
char with respect to temperature.
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Fig. 14. Bar diagram showing H/C, O/C of 9 sets of Pristine algal biochar with
respect to Temperature (T) in °C, Heating rate (HR) in °C/min, Residence Time
(RT) in minutes.

(2021) [45], who found that moderate holding times preserved func-
tional groups while enhancing aromaticity. Raman spectra for A2 and
A7 revealed pronounced D- and G-bands, indicating aromatic ring
structures typical of biochars with high adsorption potential. The feed-
stock’s origin in shrimp-farm algal blooms influenced mineralogy.
PXRD, EDS, and proximate analyses revealed high silica and inorganic
salt content, likely due to the marine environment. While the fixed
carbon content was lower than in lignocellulosic biochars, the
mineral-rich composition confers intrinsic ion-exchange capacity and
catalytic potential, consistent with findings for other seaweed-derived
biochars [95]. Overall, A2 (550 °C, 10 °C/min, 90 min) is optimal for
surface-area-driven applications, while A7 (450 °C, 15 °C/min, 90 min)
offers superior functional group abundance for electrostatic adsorption
and catalysis. These findings reinforce the conclusion that processing
parameters must be tailored to the intended end-use, as biochar prop-
erties are inherently feedstock- and process-specific [96].

The established relationship provides a novel strategy for evaluating
biochars derived from algal blooms (Spirogyra) collected from shrimp
culture ponds. By optimizing pyrolysis parameters—temperature,
heating rate, and residence time—via the Taguchi L9 orthogonal array,
biochar quality was enhanced across nine pristine algal biochar sets.
Among them, A2 exhibited the highest surface area (53.382 m? g 1) and
a low C/H ratio (0.036), reflecting high aromaticity and structural sta-
bility. Such features are advantageous for heavy metal removal, as large
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surface area and condensed aromatic domains provide abundant sorp-
tion sites for Cr (VI), Pb2+, and Cd** through both physical adsorption
and n-n-cation interactions [43,94]. Conversely, A7 achieved the high-
est yield (70.5 %) with a greater C/O ratio (2.760), a moderate C/H ratio
(0.120), and abundant oxygenated functional groups arising from its
lower pyrolysis temperature (450 °C). High O-containing groups,
coupled with mineral content from the feedstock, enhance ion-exchange
and complexation capacity, making A7 suitable for soil amendment to
improve nutrient retention, cation exchange capacity, and microbial
activity [95,96].

The particle density of both A2 and A7 (1.5-2 g/cm3) indicates
mechanical stability, supporting their use as structural or conductive
fillers in composite electrodes for supercapacitors or batteries when
hybridised with conductive additives, as demonstrated in algae-derived
carbon studies [97,98]. Additionally, the feedstock’s natural abundance
of silica, Ca, and Mg—confirmed by PXRD and EDS—confers catalytic
potential for advanced oxidation and transesterification reactions. By
converting nutrient-rich shrimp farm algal blooms, typically a waste
product, into application-specific biochars without chemical activation,
this approach offers a cost-effective and environmentally sustainable
route to multifunctional materials for wastewater remediation, sus-
tainable agriculture, and renewable energy storage.

7. Conclusion

This research employed an innovative integrated approach to assess
biochar quality using the Taguchi method and Pearson correlation ma-
trix. The established relationship provides a novel strategy for evalu-
ating biochars derived from algal blooms (Spirogyra) collected from
shrimp culture ponds. By optimizing the pyrolysis process through pri-
mary parameters, i.e., temperature, heating rate, and residence time,
biochar quality was enhanced and validated using the Taguchi L9
orthogonal array, producing 9 sets of pristine algal biochar. Among
them, A2 exhibited the highest surface area (53.382 m?/g) and a C/H
ratio of 0.036, indicating higher aromaticity and stability. Meanwhile,
A7 demonstrated the highest yield (70.5 %) with a greater C/O ratio of
2.760, a C/H ratio of 0.120, and a higher number of functional groups
due to the lower pyrolysis temperature (450 °C). The algal feedstock,
sourced from shrimp culture ponds, contributed significantly to biochar
composition, being rich in minerals, silica, and inorganic salts but lower
in carbon content. The particle density of algal biochar ranged from 1.5
to 2 g/cm®, aligning with common biochar properties and indicating
superior mechanical stability for composite material applications. Due
to its rich functional groups, pristine algal biochar holds promise for
catalytic reactions, wastewater treatment, pollutant removal, and direct
soil amelioration. Since algal blooms from shrimp farms are typically
considered waste, this approach is both economical and environmen-
tally friendly, as it requires no chemical treatment. Overall, this meth-
odology establishes a strong foundation for refining and advancing the
qualitative and quantitative development of pristine algal biochar.
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