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Since the early 21st century, biochar (BC) has garnered attention for its agricultural and environmental

applications. Water hyacinth (WH; Eichhornia crassipes), an invasive aquatic weed, has emerged as

a promising feedstock for BC production due to its rapid growth and nutrient accumulation properties.

However, studies on nano-nutrient fortification of WH-derived BC and the molecular dynamics of

nutrient sorption remain limited. This study prepared BC from WH leaf (D1) and stem (D2) biomasses,

achieving yields of 31% and 34%, respectively, under pyrolysis at 600 °C. Furnace residence times of 15–

60 minutes were evaluated, with optimal carbonization occurring at $30 minutes. SEM and FTIR

analyses revealed highly porous structures with functional groups, including –COOH, –OH, C]C, and –

S]O, predominantly in D1. The BC was alkaline (pH 10.7), with liming capacities of 14.76–28.94% cceq.,

zeta potentials of −34 to −38 mV, and particle sizes of 146–583 nm. The 30 minute BC exhibited high

nitrogen (34 550 ppm), phosphorus (56 ppm), and potassium (609 ppm) availability, alongside water-

holding capacities of 1.58–2.26 g g−1. This study highlights the unexploited potential of WH as

a sustainable resource towards nano-enabled biofertilizer development, offering a solution for managing

the plant's invasive spread, while simultaneously improving soil nutrient management and contributing to

atmospheric carbon sequestration, with positive implications for climate change mitigation.
Sustainability spotlight

This research focuses on the valorization of water hyacinth (Eichhornia crassipes), an invasive aquatic plant that poses signicant ecological and socioeconomic
challenges globally. By converting this biomass into value-added products, specically through the production of nanonutrient-fortied biochar, we aim to
address multiple sustainability goals aligned with the United Nations Sustainable Development Goals (SDGs). The utilization of water hyacinth not only
mitigates the adverse effects of its proliferation—such as reduced biodiversity, impaired water transport, and damage to infrastructure—but also contributes to
sustainable, smart and precision agricultural practices. The development of nano-enabled fertilizers from biochar derived from water hyacinth represents
a circular economy-approach, transforming an ecological menace into a resource while enhancing soil health and agricultural productivity. This aligns with SDG
2 (zero hunger), which aims to end hunger, achieve food security, and promote sustainable agriculture by improving nutrient availability in soils. Our inves-
tigation into optimum production temperature and residence time for functional biochar emphasizes environmentally friendly and energy efficient techniques
(pyrolysis at 600 °C for 15–60 min, with 30 min being optimum). These conditions ensure efficient conversion of biomass and enhance nutrient retention and
availability in soils, which will promote precision agriculture. Theoretically, this research extends to computational modeling using Material Studio Soware to
unravel the molecular interactions between nanonutrients and biochar, examining their sorption dynamics, a property which is critical for craing efficient
nanobiofertilizer. This work aims to optimize fertilizer formulations for improved plant nourishment, contributing to global food security and ecological
balance. Furthermore, this research has the potential to create positive socioeconomic impacts by generating job opportunities in the production and appli-
cation of these green fertilizers where this invasive plant is present. It aligns with SDG 8 (decent work and economic growth) by promoting economic devel-
opment through sustainable agricultural practices and supports SDG 12 (responsible consumption and production) by ensuring that natural resources are used
sustainably in agricultural systems. In conclusion, our work seeks to expand knowledge on the upcycling of non-food crop biomass, particularly using water
hyacinth as feedstock. This approach will not only address the ecological impacts of this invasive species but also enhance agricultural sustainability, carbon
sequestration with attendant climate bearings, environmental sustainability via reduction in the pollution associated with the use of commercial fertilizers,
ultimately further contributing to SDGs #9, 11, 13, 14 & 17.
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1 Introduction

Agriculture is fundamental to global food security1 however, the
challenge of meeting the nutritional needs of an estimated 10
billion people by 2050 necessitates innovative, smart and
sustainable solutions.2–4 Conventional fertilizers, while effective
in boosting crop yields, pose environmental risks, including
pollution, soil degradation, and unsustainable resource use.5

Consequently, there is a growing shi towards eco-friendly
alternatives that enhance nutrient availability to plants while
minimizing adverse environmental impacts.6,7 Among these,
biochar (BC), a readily tunable carbonaceous product of
biogenic feedstocks thermochemically processed in a non-
oxidative atmosphere, has emerged as a versatile composite
material with various organic precursors such as animal
wastes,8 rice husk,9,10 sugar cane bagasse,11 wood residues,12 and
sewage sludge.13 The selection of feedstock and the pyrolytic
conditions for BC production are usually determined by the type
of application envisaged.10,14–16 Among many other applications,
BC has found applications in soil fertility enhancement, water
retention, and carbon sequestration, providing a multifaceted
solution to various agricultural and environmental
challenges.17–19 BC nutrient adsorption, retention and desorp-
tion capacity depends on its physicochemical properties which
can in turn be modied by: (a) feedstock material, (b) pyrolytic
conditions e.g. temperature and time, (c) pre- or post-pyrolysis
treatment e.g. addition of nanoparticles or surface-active
agents.20 Together all these modications can help to reduce
production losses and enhance the slow-release characteristics
of the resulting biogenic fertilizer product.21–25

Water hyacinth (WH, Eichhornia crassipes), an invasive
aquatic weed, offers a unique feedstock opportunity. While
WH's rapid proliferation disrupts aquatic ecosystems,26–28

obstructs waterways,29–32 and fosters disease vectors,26,33,34 its
profound ability to competitively bioaccumulate nutrients from
the aquatic ecosystem35,36 presents a potential resource for
biofertilizer development. Therefore, upcycling WH for agri-
cultural purposes32,37–39 transforms this ecological menace into
a valuable bioresource, as further evidenced by its applications
in wastewater treatment,40 biofuels,41–43 bioremediation,44,45

composite adsorbents46–48 and supercapacitor.49,50

Bio-nanofertilizers are innovative, eco-friendly fertilizers that
combine nanotechnology and biotechnology to enhance plant
nutrient uptake and improve soil health. They consist of
nanoscale materials that offer benets such as enhanced seed
germination, improved soil quality, increased nutrient use
efficiency, and pesticide residue degradation.51,52 BC is a highly
suitable component for bio-nanofertilizer formulation due to its
ability to enhance soil structure and porosity, boost nutrient
retention, and foster microbial growth. It also acts as a carbon
sink, sequestering carbon in a stable form, which helps mitigate
climate change by reducing greenhouse gases like nitrous
oxide.51,53 BC also improves soil water retention and has liming
capacity which are desirable properties for plants in agro-
ecological zones with drought-impact and acidic soils. BC also
plays a pivotal role in nanonutrients adsorption as a composite
3948 | RSC Sustainability, 2025, 3, 3947–3963
matrix in the bio-nanofertilizer conjugate, thereby increasing
nutrient availability.32

This study investigated WH-derived BC as a foundation for
nano-fertilizer formulation. By analyzing the effects of pyrolysis
residence time (15–60 minutes) at 600 °C on WH biomass, it
evaluated the physicochemical properties of the resulting BC.
Characteristics such as nutrient retention, desorption in soil
and aqueous media, porosity, surface functional groups, liming
potential, water holding capacity were assessed, with modi-
cations including feedstock selection (stem or leaf biomass)
with the aim of nanoparticle integration to further optimize
performance. Using the IBI classication system,54 the liming
potentials, fertilizer values, carbon storage capacities and
particle size ranges of BC samples were assessed.

In their previous work, authors have used meta-analysis of
individual research works from ve databases (Springer,
Academia, Google Scholar, Science Direct and PubMed) on WH,
BC and nanofertilizer (NF) since the turn of the century (2000–
2024) to identify gaps in the literature.32 The data revealed an
upsurge in research publications on BC increasing from 339 for
the rst 5 years (2000–2004) to 71 996 in the last 5 years (2020–
2024), and WH from 1415 to 9087 within the same period.
Conversely, research publications on WH, BC and NF only
increased from zero to 25.32 Therefore, this work aims to explore
BC derived from WH for the purposes of NF formulation.
Consequently, to optimize energy use, the effect of furnace
residence time (15–60 min) at a xed temperature of 600 °C (ref.
55) on the formation and physicochemical properties of BC
derived from WH stem and leaf biomass was assessed.

A limited number of studies have delved into the properties
of BC from WH in relation to its potential application as nano-
enabled biofertilizers. This study is novel as it, for the rst time,
reports on the evaluation of the plant fertilization potential of
nano-enabled BC from WH as a function of inherent charac-
teristics such as liming capacity, nutrient content, and water-
holding capacity. Ultimately, this research aims to provide
a basis for integrating the invasive WH into a valuable agricul-
tural input management strategy, which can ultimately address
two critical issues simultaneously: providing a green alternative
to conventional fertilizers and controlling the spread of the
invasive species, thereby creating circular economy and safe-
guarding the socioeconomic life of the local communities where
the weed is prevalent. This will also create a direct carbon
sequestration pathway to reduce atmospheric CO2, with climate
change ramications.
2 Materials and methods

We show in this study that the process of upcycling WH for
biochar production towards the development of nano-enabled
biofertilizer is facile. This process is summarized in Fig. 1.
2.1 Sample collection and biochar preparation

Feedstock for BC preparation were aerial tissues of WH har-
vested from Ekpan River, Uvwie Area of Effurun in Delta State,
Nigeria (latitude: 5° 330 1800 and longitude: 5° 440 4200). The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Process summary for WH upcycling to produce BC for nano-enabled biofertilizer formulation.
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samples were cleaned and separated into leaf and stem
biomasses. Air-drying was carried out at ambient atmospheric
conditions: temperature 30 °C, humidity 71%, and atmospheric
pressure of 29.84 inHg until samples were dried to a consistent
weight. The dry biomass was used in pyrolysis.

Dry WH leaf (D1) and stem (D2) biomasses were pyrolyzed at
600 °C (ref. 55) in oxygen decient atmosphere for residence
times of 15, 30, 45 and 60 min using a Vecstar muffle furnace
model ECF2 (Vecstar Limited, Chestereld, United Kingdom).
The furnace temperature was set at 600 °C, increasing at 15 °C
per min until the set temperature was attained and maintained
for the pyrolysis residence time duration for each treatment.
Pyrolyzed biomasses were allowed to cool to room temperature
in airtight chambers to prevent oxidation. Biochar samples were
thereaer milled and passed through a sieve with a 75 mmmesh
pore to obtain consistent particle size range. Samples were
labelled accordingly based on pyrolytic treatments. Biochar
samples were kept in sealed labelled plastic containers for
further analysis. Biochar yields were calculated for biomasses,
D1 and D2 according to eqn (1):

Yb ¼ Mbc

Mbm

� 100% (1)

Yb = biochar yield in percentage, Mbc = mass of biochar in
grams, Mbm = mass of dry biomass in grams.

To assess the impact of pyrolytic treatments, the percentage
nutrient concentration change (Nc) was calculated using the
experimental biochar yield constant Yb (0.31 and 0.34 for D1
and D2 biomass respectively) in eqn (2), with negative values
© 2025 The Author(s). Published by the Royal Society of Chemistry
indicating possible nutrient loss during pyrolytic reactions
while eqn (3) expresses the comparison of nutrient in biochar
directly with biomass for each element.

Nc ¼ NB � ðYb �NbÞ
NB

� 100% (2)

For nutrient concentration impact of pyrolysis:

NCi ¼ Nb

NB

� 100% (3)

where Nc = percentage nutrient concentration change during
pyrolysis (%), NB = nutrient content in biomass (g per 100 g of
sample), Yb = percentage biochar yield of biomass (%), Nb =

nutrient content in biochar (g per 100 g of sample), NCi =

nutrient concentration impact of pyrolysis (%).

2.2 Biochar characterization

2.2.1 Elemental composition, morphological and surface
property analyses. BC products were characterized for physico-
chemical properties and determination of elemental constitu-
ents. Determination of elemental composition of samples was
performed following the method described by Onorevoli et al.56

Briey, 0.25 g of samples were digested with 5 ml of 70%
concentrated nitric acid (analytical grade) in 50 ml digestion
tubes. Samples were then placed in a heating block set at 115 °C
for 45 min. Digests were allowed to cool to ambient tempera-
tures, diluted to 50 ml with de-ionized water and mixed to
ensure homogeneity. Samples were allowed to settle for 2 h,
RSC Sustainability, 2025, 3, 3947–3963 | 3949
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following which supernatants were taken from the digestates to
determine elemental concentration using Inductively Coupled
Plasma – Optical Emission Spectroscopy (ICP-OES) (iCap Pro,
Qtegra Version 2.14.5122, Themo Fisher Scientic, MA).

Fourier Transform Infrared Spectroscopy with Attenuated
Total Reectance (FTIR-ATR) analysis was carried out using
a Bruker Invenio-S instrument (Bruker Corporation, Billerica,
Massachusetts, USA).56,57 This technique was employed to detect
functional groups and characterize the surface chemistry of
both the WH biomass and the resulting BC products, with
variations observed based on the pyrolytic conditions and the
precursor biomass.

Sample morphology and relative elemental concentrations
were analyzed with Scanning Electron Microscope Energy
Dispersive X-ray Spectroscopy (SEM-EDX) using Hitachi
SU3800/SU3900 Scanning Electron Microscopes (Hitachi High-
Tech Corporation, Tokyo, Japan).57,58 Each BC sample was
placed on carbon tape and mounted on the sample holder. No
specic pre-treatment was applied to the samples prior to SEM-
EDX analysis because the inherent conductivity of carbon-based
biochar minimizes charging effects, allowing it to perform well
under electron diffraction conditions. The analysis was con-
ducted using a Hitachi CFE SU8230 SEM at an accelerating
voltage of 5 kV under high vacuum conditions. EDX was per-
formed to assess the elemental composition of the biochar and
trace elements. This non-destructive approach preserved the
natural state of the biochar while providing comprehensive
insights into its compositional characteristics. The SEM images
were analyzed for porosity using python image analysis codes.

2.2.2 Determination of pH and liming potential. A 1 : 20 (w/
v) sample/deionized water mixture was prepared by adding
0.25 g of samples (biochar: A1, B1, C1, A2, B2, C2 representing
30, 45 and 60 min pyrolyzed BC samples for D1 and D2
respectively, and biomass: D1 and D2) in test tubes and made
up to 5 ml with deionized water. The mixtures were thoroughly
mixed using a mechanical shaker for 15 min and allowed to
equilibrate for 2 h, as previously reported.59 The pH determi-
nation was done using pH meter Accumet Research (AR60;
Fisher Scientic, USA).

The liming potential of the BC products was determined
following the method described by Singh et al.60 Briey, 10 ml of
a standard 1 mol per L HCl was added to 0.5 g of BC. The
mixture was mechanically mixed for 30 min and was allowed to
stand for 24 h. The resulting mixture was then back-titrated
against a 0.5 mol per L NaOH solution ensuring continuous
mixing until pH 7 is attained. Blank titration was carried out
with 10 ml HCl without BC against the NaOH solution. The
volumes of NaOH used were noted and the procedure repeated
in triplicates. The liming potential was then expressed as
percentage CaCO3-equivalence (% cceq.) according to equation4

and the classication used according to International Biochar
Initiative (IBI) tool:54

% cceq: ¼ M � ðb� aÞ � 10�3 � 100:09� 100

2�W
(4)

M = molarity of NaOH (mol L−1), b = volume of NaOH used in
blank titration, a = volume of NaOH used in biochar sample
3950 | RSC Sustainability, 2025, 3, 3947–3963
titration, 10−3 = for conversion of volume from ml to liters,
100.09 = molar mass of CaCO3, 100 = multiplier for obtaining
% CaCO3 equivalence, W = mass of biochar (g), 2 = mole ratio
number (1 mole of CaCO3 consumes 2 moles of H+).

2.2.3 Determination of zeta potential and hydrodynamic
particle size. A Dynamic Light Scattering (DLS) Malvern Zeta
sizer Ultra (Malvern Panalytical, Malvern, Worcestershire,
United Kingdom) was used to determine net surface charges
and hydrodynamic particle size of the BC products following the
method used by Suliman61 and Song et al.62 Aqueous suspen-
sions of the products were prepared by adding 2.5 mg of BC into
50 ml tubes and thoroughly mixing with deionized water.
Samples were dispensed into Zeta sizer sample holders for net
surface charge and hydrodynamic sizes determination.

2.2.4 Analysis of total nitrogen. Total nitrogen contents for
the WH dry biomass (D1 and D2) and BC samples (A1, B1, C1,
A2, B2, and C2) were analyzed with a LECO FP828 Nitrogen
Determinator (LECO Corporation, Michigan, USA) using the
method applied by Morais et al.63 Nominal sample masses were
weighed (0.10000–0.10999 g), wrapped in tin foil to form
a capsule and then placed into the loader. The instrument then
measures nitrogen content in the samples through combustion,
capturing gaseous nitrogen that is delivered to a detector to
ultimately generate percent nitrogen in the sample. Similarly, as
shown by Morais et al.,63 the percentage total nitrogen loss
during pyrolysis can be calculated for each BC sample using the
equation:

Nl ¼ Nbc �Mbc

Nbm �Mbm

� 100% (5)

Nl = total nitrogen loss in percentage, Nbc = total nitrogen
content in biochar aer pyrolysis, Mbc = mass of biochar aer
pyrolysis, Nbm = total nitrogen content in biomass before
pyrolysis, Mbm = mass of biomass before pyrolysis.

2.2.5 Biochar nutrient soil leaching test (nutrient release in
soil medium). To test nutrient release in soil medium amended
with BC products, 20 g of soil samples obtained from the
Lockwood Farm in Hamden, Connecticut was amended with 2 g
of BC samples at 10 : 1 (wt/wt).64 The soil was thoroughly mixed
with the BC and the mixture placed in a 50 ml sample tube. For
the control, 20 g of soil without BC was used. 25 ml of deionized
water was gently added to the soil–BC mixture and the control
treatments, to obtain total leachates aer 24 h. The leachates
were collected daily for 5 days and kept at a temperature of 2 °C
to prevent microbial degradation of the leachates prior to ICP
OES analysis. Leachates were subsequently analyzed for
elemental composition using ICP-OES, and for NH4

+- and NO3
−-

nitrogen using NH4
+ and NO3

− ion specic probes with a Hq
Series multiprobe meter (Hach, Loveland, Colorado, USA).

2.2.6 Biochar nutrient release in aqueous medium. To
assess experimentally the BC nutrient release in aqueous
medium, 1 g of BC products were weighed into 14 ml plastic
tubes. 10 ml of deionized water was gently added to the BC and
allowed to equilibrate. The ltrate was allowed to drain
through a lter to obtain total aqueous release aer 24 h (ESI
1†). 10 ml of de-ionized water was added to the sample daily
for 5 consecutive days and the aqueous samples obtained were
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00052a


b
le

1
P
yr
o
ly
si
s
yi
e
ld
,p

H
,l
im

in
g
ca

p
ac

it
y,

ca
rb
o
n
st
o
ra
g
e
,p

ar
ti
cl
e
si
ze

ra
n
g
e
an

d
fe
rt
ili
ze

r
va
lu
e
o
f
B
C

fr
o
m

W
H
a

at
er

h
ya
ci
n
th

m
as
s

Py
ro
ly
si
s

du
ra
ti
on

@
60

0
°C

B
io
ch

ar
yi
el
d
(%

)
pH

va
lu
es

Li
m
in
g
ca
pa

ci
ty

(%
cc

eq
.)

Fe
rt
il
iz
er

cl
as
s

C
ar
bo

n
st
or
ag

e
ca
pa

ci
ty

(g
kg

−1
)

Pa
rt
ic
le

av
er
ag

e
si
ze

(n
m
)

V
al
ue

C
la
ss

V
al
ue

C
la
ss

V
al
ue

C
la
ss

y
le
af

m
pl
es

(D
1)

30
m
in

(A
1)

31
.4
9
�

1.
04

a
10

.7
7

28
.9
4
�

0.
88

a
3

1
55

3
4

58
3

Fi
n
e
po

w
de

r
45

m
in

(B
1)

31
.4
8
�

0.
83

a
10

.7
7

25
.3
9
�

0.
57

b
3

1
46

9
3

35
4

Fi
n
e
po

w
de

r
60

m
in

(C
1)

30
.7
6
�

0.
65

a
10

.6
1

23
.8
5
�

1.
10

b
3

1
51

9
4

27
0

Fi
n
e
po

w
de

r
y
st
em

m
pl
es

(D
2)

30
m
in

(A
2)

34
.1
83

�
1.
28

b
10

.7
1

22
.6
0
�

1.
58

b
3

1
51

2
4

30
4

Fi
n
e
po

w
de

r
45

m
in

(B
2)

34
.0
66

�
1.
03

b
10

.5
6

16
.8
5
�

0.
96

c
2

1
47

4
3

14
6

Fi
n
e
po

w
de

r
60

m
in

(C
2)

34
.3
60

�
0.
98

b
10

.7
2

14
.7
6
�

0.
14

c
2

1
51

7
4

31
4

Fi
n
e
po

w
de

r

h
er
e
ap

pl
ic
ab

le
,v

al
u
es

ar
e
gi
ve
n
as

m
ea
n
s
±

st
d
er
ro
r
w
it
h
lo
w
er

ca
se

al
ph

ab
et
s
fo
r
si
gn

i
ca
n
t
di
ff
er
en

ce
s
at

a
=

0.
05

.

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ai
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

4.
02

.2
02

6 
19

:0
5:

20
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
analyzed for elemental composition using ICP-OES, while
NH4

+- and NO3
− – nitrogen determination was done using

NH4
+ and NO3

− ion specic probes. Each sample was set up in
triplicates.

2.2.7 Evaluation of biochar water holding capacity. Biochar
water holding capacity (WHC) was evaluated based on the
method described by Singh et al.65 by weighing 1 g of BC sample
into a 14 ml plastic tube. Next, 10 g of deionized water was
gently added to the BC and the mixture allowed to soak
completely. Water was allowed to drain out the hole at the
bottom of the tube through a lter overnight and the recovered
water was weighed and used to calculate the adsorbed water by
the BC samples according to eqn (6):

WHC ¼
�
ww � wf

�

wb

� 100

1
% (6)

where ww = weight of water added in g, wf = weight of drained
water aer 24 h in g, wb = weight of dry biochar sample in g.

2.2.8 Nitrate- and ammonium-nitrogen determination in
leachate and aqueous release samples. NH4NO3 (analytical
grade$98%; Sigma-Aldrich, USA) used in this study has amolar
mass of 80.043 g mol−1 containing 62.049 g mol−1 of NO3

− and
17.994 g mol−1 of NH4

+. Therefore, 100 mg L−1 standard of
NO3

− solution was prepared by dissolving 0.0129 g of NH4NO3

in 100 ml of deionized water. Appropriate dilutions were then
made to prepare 10 and 1 mg L−1 standards from the
100 mg L−1 standard respectively. Similarly, for NH4

+ ions
standard solution, 100 mg L−1 standard was prepared by dis-
solving 0.04448 g of NH4NO3 in 100 ml of deionized water. A 1 :
5 dilution was then made to prepare the 20 mg L−1 standard.
These standards were used in calibrating the Hq series mul-
tiprobe meter used to determine the nitrate- and ammonium-
nitrogen concentrations in the samples (see detailed explana-
tion of calculations in ESI 2†).

2.2.9 IBI classication of BC samples. Determination of the
value (or “grade”) of the BC samples based on the International
Biochar Initiative (IBI) classication system54 is automatically
estimated by inputting the following parameters into the online
tool:

� Estimated hydrogen to organic carbon ratio (H/Corg) and
organic carbon concentrations (Corg).

� Plant-available levels of phosphorus, potassium, sulfur,
and magnesium as given by the total aqueous release over 5
days.

� Liming potential based on percentage calcium carbonate
equivalent (% cceq.).

� Particle size distribution determined by hydrodynamic
particle Zeta sizer.

With reference to Wei et al.,66 estimated hydrogen to organic
carbon ratio (H/Corg) from the SEM-EDX values were calculated
and together with the plant-available (aqueous) levels of P, K, S,
and Mg (see ESI 3†). The Biochar Classication Tool automat-
ically computes and classies biochars based on four input
physicochemical properties as stated above. The output values
from the tool are: carbon storage value, fertilizer value, liming
value, and particle size distribution Table 1.54
T
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2.3 Statistical analysis

All experiments were set up in triplicates except where otherwise
stated. Values are expressed as means and standard error (±SE).
Signicant differences were analyzed using a one-way ANOVA
test with signicant level set at p < 0.05 using the statistical
package IBM SPSS Statistics 23.

3 Results and discussion
3.1 Biochar preparation and yield

Partial carbonization of the WH biomass was observed for t =
15 min, however, total pyrolysis was observed at 30, 45 and
60 min for D1 (leaf) and D2 (stem). Pyrolysis conditions, BC
yield, pH and liming capacity data are shown in Table 1. BC
yields from D1 are signicantly lower than D2 (p < 0.05) for all
the pyrolytic treatments indicating different biochemical
composition of the WH leaf and stem as indicated by studies by
(ref. 67). The higher BC yield observed from D2 can be explained
from the presence of more brous and woody cellulose in the
stem biomass with higher stable carbon content than D1 as
previously shown,67 where WH stem exhibited higher hol-
ocellulose, hemicellulose and cellulose than leaf biomass for
WH from Yuriria Lake in Mexico. Additionally, both D1 and D2
showed yields consistent with results from (ref. 55, 68 and 69),
where yields of between 33.6–51.8% were obtained with
temperatures between 250–500 °C and residence time from 20
to 60 min. However, for D1 and D2, there are no signicant
differences in yield between the different pyrolytic residence
Fig. 2 FTIR spectra image qualified with absorbance (%) and wavenumbe
biomass (D2) and biochar samples (A2, B2 and C2).

3952 | RSC Sustainability, 2025, 3, 3947–3963
times for each biomass type. Overall, the results highlight the
inuence of biomass type and biochemical composition on BC
yield during pyrolysis with WH stems (D2) consistently
produced signicantly higher BC. Furthermore, the consistency
in BC yields across varying pyrolytic residence times suggests
that biomass composition, rather than duration, is the domi-
nant factor in determining yield. These ndings emphasize the
critical role of feedstock selection in optimizing BC production
for specic applications.

3.2 FTIR functional group characterization of WH biomass
and biochar

FTIR data (Fig. 2) indicate that the functional groups present on
the WH biomass and BC products varied based on the pyrolytic
conditions and precursor biomass. For example, D1 spectra
showed the presence of only amines, whereas A1, B1 and C1
show weak amine peaks with stronger nitro-groups being
present. This could be due to oxidation of the amines to form
nitro-compounds in the resulting BC products. On the contrary,
A2, B2 and C2 do not show any peaks in the nitro- or amine-
region, indicating the difference between the stem and leaf
precursors. Alternatively, the amines in D2 could be more heat
labile, effectively decomposing during the pyrolytic treatment. A
summary of individual spectra is discussed subsequently,

D1: the WH leaf spectra shows a variety of functional groups
typical of organic matter, including O–H, C–H, C]O, and C]C
stretches, indicating the presence of alcohols, phenols,
carboxylic acids, amines, and alkenes.
r (cm−1) for leaf biomass (D1) and biochar samples (A1, B1 and C1); stem

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A1: the BC spectra show similar functional groups but with
reduced intensity in the O–H stretch region, indicating some
thermal degradation of organic compounds. The presence of
sulfonyl and nitro groups suggests thermochemical changes
during pyrolysis.

B1: the BC spectra is like A1, but with further reduction in
the intensity of O–H stretches, indicating more extensive
pyrolysis as residence time increased. The functional groups
present indicate the progressive conversion of organic matter
into more stable structures.

C1: the BC spectra is like B1 but with further reduced
intensity in the O–H region and possibly higher carbonization,
as indicated by the C]C stretches.
Fig. 3 Original SEM images taken with magnifications at $6000× (uppe
pore analysis (lower series). A1: leaf biochar pyrolysed @ 30 min; B1: leaf
stem biochar pyrolysed @ 30 min; B2: stem biochar pyrolysed @ 45 min

© 2025 The Author(s). Published by the Royal Society of Chemistry
D2: the WH stem spectra shows a variety of functional
groups typical of organic matter, including O–H, C–H, C]O,
and C]C stretches, indicating the presence of alcohols,
phenols, carboxylic acids, amines, and alkenes.

A2: the BC spectra shows similar functional groups but with
reduced intensity in the O–H stretch region, indicating some
thermal degradation of organic compounds. The presence of
sulfonyl groups suggests chemical changes during pyrolysis.

B2: this spectrum is similar to A2, but with further reduction
in the intensity of O–H stretches, indicating more extensive
pyrolysis with residence time. The functional groups present
indicate the progressive conversion of organic matter into more
stable structures.
r series) and SEM images with bounding boxes using python codes for
biochar pyrolysed @ 45 min; C1: leaf biochar pyrolysed @ 60 min; A2:
; C2: stem biochar pyrolysed @ 60 min.
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Fig. 4 Zeta sizes and zeta potentials of WH leaf, stem and biochar
samples.
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C2: the BC spectra is similar to B2 but with further reduced
intensity in the O–H region and possibly higher carbonization,
as indicated by the C]C stretches.

As indicated by Li et al.,70 the FTIR analysis underscores the
transformative impact of pyrolytic conditions on the functional
group composition of WH biomass. The distinct variations
between D1 and D2 precursors highlight their biochemical
diversity, with the former retaining amine functionality while
the latter exhibits greater thermal lability. However, progressive
pyrolytic residence time led to increased carbonization as
indicated by the reduction in the O–H stretches and the
formation of more aromatic, thermostable structures.70 The pie-
bonds in the aromatic species can be desirable for composite
fortication especially with electrophilic nanonutrients.71

However, the loss of surface functional groups such O–H and
C–H at higher pyrolysis durations suggests a trade-off between
the products' structural stability and adsorption properties,72

which further underscores the need to select the optimum
residence time for effective BC production. The ndings point
to a 30 minute pyrolysis as an optimal treatment for producing
BC with balanced structural integrity and functional versatility,
making it a promising candidate for nano-fortication in bio-
fertilizer applications.

3.3 SEM-EDX characterization of WH biochar

SEM images of the BC are shown in Fig. 3 (top 2 rows) indicating
variations in surface morphology and porosity with changing
pyrolysis residence times for both D1 and D2. Subsequently,
SEM images for the BC products at magnications between
6000× and 22 000× were analyzed using python codes to esti-
mate the pore sizes with bounding boxes (Fig. 3: bottom 2 rows).
Estimated pore area sizes for the samples range from 0.03–0.46
mm2. For a large hypothetical square nanoparticle of 100 nm by
100 nm size (0.1 mm by 0.1 mm), its area will be 10 000 nm2 (0.01
mm2). Therefore, as indicated by (ref. 73 and 74), extensive
interfacial interactions both at the BC surface and within the
micropores with nanoparticles will be feasible at the pore sizes
with increased surface area for physisorption and chemisorp-
tion. It has been previously noted that BC structure becomes
more ordered with higher porosity and increased surface area as
pyrolytic residence time and temperature increases,75–78 this is
highly desirable for adsorption of nanonutrients for the
purpose of fortifying the BC products for biofertilizer formula-
tion. The micropores in BC products can also be benecial as
soil amendments for both water holding and aeration which
can enhance soil properties for healthy plant growth.78,79

3.4 Hydrodynamic particle sizes and zeta potentials of BC

The hydrodynamic particle sizes and zeta potential measure-
ments of biochar samples derived fromWH biomass are crucial
parameters for their potential application in nano biofertilizer
formulation (Fig. 4). The average zeta sizes of the biochar
samples indicate signicant differences based on the biomass
and pyrolytic treatments. D1-derived biochar samples exhibited
larger particle sizes, with A1 at 583 nm, B1 at 354 nm, and C1 at
270 nm. Conversely, D2-derived biochar samples showed
3954 | RSC Sustainability, 2025, 3, 3947–3963
signicantly smaller particle sizes, with A2 at 304 nm, B2 at
146 nm, and C2 at 314. These values are consistent with values
obtained by Ha et al.,80 when synthesizing NPK nanofertilizers
using chitosan as the composite material with a size range
between 300–700 nm. The zeta potential measurements of the
biochar samples were consistently negative but signicantly
more negative than the feedstock biomass, D1 and D2. Specif-
ically, the recorded values were −35 mV, −34 mV, −35 mV,
−38 mV, −36 mV, and −38 mV for A1, B1, C1, A2, B2, and C2
respectively, consistent with the surface functional groups
identied by FTIR. Such high negative zeta potential values
indicate that the biochar particles possess a surface charge that
can contribute to their colloidal stability in aqueous suspen-
sions and subsequent nanoformulations. This stability is
crucial for nano biofertilizer, as it will reduce the potential for
the aggregation of particles, ensuring a uniform distribution of
the biofertilizer when in liquid suspension.62,81,82
3.5 BC pH, liming potential, carbon storage, particle size
range and fertilizer value based on IBI classication

The pH of the biomass was slightly acidic at 6.43 and 6.61 for D1
and D2 respectively whereas all BC samples range between 10.56–
10.77 (Table 1). These data agreed with those obtained by Geza-
hegn et al.83 The alkaline pH can be attributed to the presence of
inorganic oxides of K, Ca and Na which are formed with oxygen
atoms from the biomolecules during pyrolysis. However, a better
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Showing total nitrogen and nitrogen loss percentage after
pyrolysisa

Samples
Total nitrogen
content (%)

Mass of
biochar (g)

Mass of
biomass (g)

Nitrogen
loss (%)

A1 3.53 42 134 341
B1 3.38 36 114 327
C1 3.27 41 133 309
A2 3.38 22 64 134
B2 1.69 26 77 67
C2 1.57 25 72 63

a NB: total nitrogen content for D1 and D2 are 3.07% and 1.16%
respectively, these values were used for nitrogen loss percentage
calculation using eqn (5).
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characterization is the liming potential of the BC samples, which
was expressed as percentage CaCO3 – equivalence (% cceq.).
According to Table 1, BC products from D1 have the highest
liming potential withmean values at 28.94%; 25.39%; 23.85% for
A1, B1 and C1 respectively. In contrast, BC samples derived from
D2 show signicantly lower liming potential with A2 signicantly
higher than B2 and C2 with values of 22.60%; 16.85% and 14.76%
respectively (p < 0.05). These values are similar to the range of 17.7
to 33.0% reported by Gezahegn et al.83 In our study, the 30 min
pyrolysis residence time produced the highest liming potential in
both D1 andD2 samples (p < 0.05). The signicantly higher values
for D1 when compared with D2 can be explained by the presence
of alkali metals in the leaves resulting in higher oxides, carbon-
ates, phosphate or silicates formation which confers liming
effects on the BC products. Based on the liming potential values,
they are classied into class 0 (% cceq. < 1%), class 1 (1%#%cceq.
# 10%), class 2 (10% # % cceq. # 20%) and class 3 (20% # %
cceq.)65 with A1, B1, C1 and A2 in class 3 and B2 and C2 in class 2.
This also supports 30 min as the optimum pyrolytic residence
time for higher liming capacity, which can be benecial as
amendments for acidic soils84–86 found in several agronomic
zones around the world especially in parts of Asia, Africa, South
America and the United States.87–90 Generally, BC physicochem-
ical properties depend on the pre-, post-, and actual-pyrolytic
treatments; and feedstock biomass types.91,92 These properties
modify the overall fertilizer value of the resulting BC, which can
also be used to guide the selection of the candidate BC products
for further nano-fortication as fertilizers.

In this study, the International Biochar Initiative (IBI) clas-
sication system was used.54 This classication uses the
percentage concentration of 6 major nutrients (N, P, K, S, Ca,
and Mg) in the BC samples as well as the available portions to
plants, estimated via total aqueous nutrient release/desorption
over 5 days in this study. Other factors used in the classication
include liming capacity, carbon storage value (based on organic
Table 2 Key functions of selected elements in plant growth and develo

Elements Key functions

N Essential for chlorophyll produ
component of amino acids an

P Crucial for root development, e
establishment

K Regulates water uptake, enzym
quality

S Aids in protein synthesis, enzy
metabolism

Cu Involved in enzyme function, p
cause stunted growth

Zn Essential for enzyme activation
and development

Fe Plays a key role in chlorophyll
chlorosis (yellowing leaves)

Mg A central component of chloro
B Supports cell wall formation, r

and fruit formation
Ca Important for cell wall structur

like blossom-end rot

© 2025 The Author(s). Published by the Royal Society of Chemistry
carbon (C) and H/C ratio) and particle size range. Under this IBI
system, BC fertilizer values are classied as 4, 3, 2, 1, and 0 with
4 being the best (Table 1). Theoretically, fertilizer class higher
than 1 is desirable as this implies more nutrients are available
to the extent needed by plant, however, eld trials will be
needed to validate this as soil–BC interactions also play a role in
qualitative and quantitative nutrient availability.92 However, in
terms of liming capacity, D1-derived BC samples and the 30min
treatment for D2 all fall within class 3 and 4. Carbon storage
capacity of the BC samples was also highest for A1 samples at
553 g kg−1 of sequestered carbon (Table 1).
3.6 Effect of pyrolytic treatments on biochar nutrient
concentration and total nitrogen content

For a BC product to be effective as a nano-biofertilizer
composite material, it must retain most of its nutrients for
subsequent nano-enabling and eventual nutrient release to
nourish plants. As shown in Table 2, a summary of the effects of
these elements on plants is given.93
pment

ction, leaf development, and overall vegetative growth. It is a key
d proteins
nergy transfer (ATP), and ower/seed formation. It enhances early plant

e activation, and disease resistance. It also improves fruit and seed

me activity, and chlorophyll production. It is essential for plant

hotosynthesis, and lignin formation in plant cell walls. Deciency can

, hormone production, and protein synthesis. It also regulates growth

formation and electron transport in photosynthesis. Deciency leads to

phyll, necessary for photosynthesis. It also activates many plant enzymes
eproductive development, and sugar transport. Deciency affects ower

e, root development, and membrane stability. It helps prevent disorders
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The experiments on nutrient release in both aqueous and
soil media were conducted in batch mode at 24 hour intervals.
Daily nutrient release from the samples was analyzed to deter-
mine the release pattern over time. The released nutrients were
further compared with standard plant requirements93 and
assessed for fertilizer value based on the International Biochar
Initiative (IBI) classication system.54 The data reveal an
intriguing pattern where BC samples from both D1 and D2
showed the highest total nitrogen content in the order 30 min >
45 min > 60 min pyrolysis durations, while nitrogen loss fol-
lowed the inverse trend (60 min < 45 min < 30 min) across both
feedstocks (Table 3). This suggests nitrogen-containing
biomolecules like proteins, amides, pyrimidines, and amines
become increasingly labile with extended furnace residence
time, as exemplied by sample A1 which paradoxically retained
the highest total nitrogen content (3.53% wt/wt) despite a 341%
total nitrogen loss. These observations align with Abd El-Azeim
et al.,94 who identied 30 min pyrolysis at lower temperatures as
optimal for improvement of soil fertility and organic matter
content. This data also indicates that an increase in pyrolysis
time at 600 °C promotes the condensation of nitrogen con-
taining species into more stable heterocyclic compounds while
volatilizing the heat-sensitive biomolecules via gasication.95

Additionally, the increase in the nitrogen concentration can
also be due to reactions such as dehydration and decarbon-
izations.96 The effect of pyrolysis on nitrogen and other selected
elements (P, K, S, Cu, Zn, Mg, Fe, B and Ca) in the biochar
compared to the biomass is summarized in Table 4 (see ESI 3†).

For the biomasses, D1 has signicantly higher concentra-
tions of N, P, S, B and Ca than D2 whereas the reverse is the case
with K, Cu, Zn and Fe. There is no signicant difference
between the concentrations of Mg in both D1 and D2 which
agreed with reports from Lara-Serrano et al.67 Pyrolytic treat-
ments signicantly increased P, K, Zn, Fe Mg, B and Ca but
signicantly decreased S and Cu contents in the BC products for
D1. However, for D2, pyrolysis increased concentrations of P, S,
Mg, Zn, B, and Ca whereas it reduced concentrations of Fe and
Cu. For D2, K concentration was signicantly higher in the
60 min pyrolysis, with no signicant difference for 45 min and
a signicant reduction in concentration for the 30 min
treatment.
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3.7 Soil leachate and aqueous elemental availability

Considering that the BC samples were being explored for their
suitability for possible nano-augmentation in biofertilizer
formulation, it was necessary to assess the availability of
nutrients in aqueous and soil media, to ensure their bioavail-
ability. Leaching studies indicated that the BC samples had
signicantly higher and controlled release of key macronutri-
ents (NPK) from day 2 in the soil medium, over the period of the
experiment, compared to soil without BC amendment (Fig. 5).
As observed by,97 controlled and sustained release of nutrient
from nanofertilizer enhanced plant growth and reduced the
consumption of agrochemicals, especially of nitrogen. Results
also indicate BC, being alkaline, produced signicantly lower
NO3-N in the leachates extract with higher NH4-N availability,
3956 | RSC Sustainability, 2025, 3, 3947–3963 © 2025 The Author(s). Published by the Royal Society of Chemistry
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this could be a good application for acidic soils.98 The
predominance of NH4

+-N compared to NO3
−-N in the total

amount of N in leachate is a positive point for the BC materials
with respect to nitrogen loss from agricultural soils. Several
research reports on nitrogen loss from fertilizer application
indicated that, nitrogen was mainly leached in the form of
NO3

−-N rather than NH4
+-N. Wang and Li99 reported the

predominance of NO3-N as the main form of nitrogen loss in
soil while Aikpokpodion et al.100 in their study reported 98% of
total N loss was in the form of NO3

−-N whereas NH4
+-N was less

than 2% of total N leached. The predominance of NH4
+-N in the

leachate infers that the biochar materials are going to supply
nitrogen to the soil in a form that is more retained in soil as
a result of its cationic charge that makes it bind to the negatively
charged soil colloids and clay surfaces. On the contrary, NO3

−-N
with its anionic charge is highly mobile in soil solution and
easily get leached. However, the ultimate fate of the biochar-
supplied NH4

+-N lies on the rate and pathway of nitrication
of ammonium to nitrate via ammonium oxidation to nitrite by
oxidizing bacteria in soils. Additionally, with a controlled
release from the BC, the N-nutrients can be released at rates
needed by the plants thereby preventing accumulation and
possible losses.101

The trend of phosphorus release from the various BC prod-
ucts show that, except for the control, there was a spike in the
release of phosphorus from the various biochar materials
during day 2 of leaching exercise before a progressive decline in
P release in day 3 to day 5. Between the rst and second day of
Fig. 5 Leachate concentrations showing continuous release of NH4/NO
period of the experiment (inserted graphs scaled to show trend vividly).

© 2025 The Author(s). Published by the Royal Society of Chemistry
the leaching experiment, sample A1 had a 37.94% increase in P
supply from the BC while samples B1, C1, A2, B2 and C2 had
71.98, 14.79, 37.71, 40.97 and 79.29% increase in P supply
respectively. The increased release of phosphorus on day 2 of
leaching compared to day 1 was an indication of the ability of
the micropores within the BC to accumulate nutrient elements
which are subsequently released to plants in a controlled
manner. Many micropores are present in the BC pore structures
resulting in more than 80% of the pore volume.102 Phosphorus
released on day 1 might have been the portion of P adsorbed on
the surface of the biochar particles while the increased P
released on day twomight have been a combination of desorbed
P from the particle surfaces and the portion of P adsorbed
within the macro and micropores of the BC. Though the surge
in P release from the biochar on day 2 could apparently lead to
higher P supply than needed by plant and subsequent xation
of excess P in soil, the alkaline nature of the BC will create an
environment unsuitable for P xation. Phosphorus xation in
soil is mainly due to bonding of P to soil clay and hydr(oxides) of
Al, Fe and Mn under acidic soil conditions.103 Under acidic soil
condition, the hydr(oxides) of Al, Fe and Mn are readily avail-
able in soil solution and consequently bind to phosphorus in
a chemical reaction which limits the availability of P for plant
uptake. With the alkaline condition of the BC, the released P
has lesser potential of being xed and subsequently bioavail-
able for plant utilization. The common surge in P release from
BC-amended soils on day 2 of the experiment may also be
attributed to a reduction in other P-limiting factors. This is
3-N, P, and K above the control soil without BC amendment over the

RSC Sustainability, 2025, 3, 3947–3963 | 3957
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supported by ndings from Wang et al.,104 who showed that P
release from BC decreases with an increase in certain anions
(e.g., NO3

−, Cl− and SO4
2−), extended BC residence time in soils,

and higher soil solution pH. These factors likely limited P
availability on day 1, but their mitigation by day 2 led to
a temporary increase in P release, which then gradually
declined as the leaching experiment continued.

For K, release from soil amended with BC follow similar
pattern with NO3

−-N and NH4
+-N. Except for the control where

the release continue to decrease over the period of the experi-
ment, all BC-amended soil samples had a sharp decrease in K
released from day 1 to day 2 of 93.54, 92.62, 91.07, 90.73, 91.74,
91.48% for A1, B1, C1, A2, B2, and C2 respectively as against
a decrease of 46.67% by the control. This indicates K is readily
available at signicantly higher values in amended soils than
the control. Doulgeris et al.105 found similarly that increasing
proportions of biochar amendment in soils resulted into
doubling of available K, suggesting that this is enhanced by
factors such as cation kinetic and equilibrium exchange.105

The detailed statistical analysis supporting these results are
presented in ESI 4.†
3.8 Water holding capacity (WHC)

Water holding capacity (WHC) indicate an important property
of the biochar for improvement of soil health for improved crop
productivity. BC has been demonstrated to help alleviate plant's
environmental stressors associated with water household such
as drought and salinity.106 For the leaf biochar samples, WHC
decreased with pyrolysis residence time although A1 and B1 are
not signicantly different, both were signicantly higher than
C1. The reverse trend is observed with the stem-derived (D2)
biochars where the WHC increased with pyrolytic residence
time with A2 signicantly lower than both B2 and C2 as shown
in Fig. 6. High WHC is desirable as added benets for biochar-
based formulations and would ensure water and nutrients are
available to plants while also enhancing the microbial activities
within the soil microbiome as shown by Ghorbani et al. who
found that biochar amendments enhanced water retention in
soils and signicantly increased rice yields under evaporation
stress.107 By reducing the amount of suction force required by
plants to extract water from the soil, BC can positively modulate
Fig. 6 Water holding capacity (WHC) of BC samples. Lower case
letters denote significant differences (a = 0.05).

3958 | RSC Sustainability, 2025, 3, 3947–3963
plant's physiological and biochemical process thereby
promoting plants' resilience and yields.106–109

4 Conclusions

This study is novel in highlighting, for the rst time, the plant
fertilization potential of BC from WH as a function of several
inherent characteristics, including liming capacity, nutrient
content, and water-holding capacity, among others. The nd-
ings show that water hyacinth (WH) can be a useful resource for
soil amendment and its value in this regard can be further
improved with nano fortication with micronutrients like Zn,
Cu, B or Fe that are low in the biomass feedstock harvested from
Ekpan River in Delta State, Nigeria. These micronutrients are
known to have high adsorption ability to plant biomasses (110).
Notably, pyrolytic treatments at 600 °C showed 30 min resi-
dence time as the optimum for both leaf and stem (D1 and D2)
samples, indicating that these biomasses can be pooled during
harvest to facilitate operations and subsequent downstream
processing. This also is desirable in terms of energy require-
ments for the thermochemical treatment. With several desir-
able properties including liming capacity, water holding
capacity, high concentration of available N, P, K and highly
porous structure of the BC derived from WH, these products
show promise for use in amendment in acidic and drought
impacted soils. The carbon storage using this invasive plant for
nano-biofertilizer formulation may be a way of synchronizing
farming operations with natural autotrophic process by using
this as a means of mining plant nutrients from water bodies via
water hyacinth. This can be a double-edged advantage helping
to capture and sequester atmospheric CO2 through biochar-soil
amendments since results in this study showed carbon content
in biochar averaged above 70%.

The ndings from this research will contribute to the devel-
opment of environmentally friendly and economically viable
solutions for sustainable agriculture and ecosystems preservation.
Furthermore, WH derived BC can be a more balanced single
fertilizer product than most commercial synthetic fertilizers. For
example, urea, the most popular N fertilizer contains 46% N; TSP,
the most popular phosphorus fertilizer contains 20% P, andMOP,
themost popular K fertilizer contains 60%K. Although, effectively,
not all these nutrients are available to the plant when applied,
however, in contrast, BC products in this study released quantities
of these macronutrients in soil medium above the required ppm
by plants. Additionally, fortifying the biochar with nanoscale Cu
and Zn that are known to be both nutrients and crop protection
materials will broaden the functionality of the formulated nano-
enabled fertilizer.

As previously discussed,90 innovative fertilizers with balanced
nutritional composition have the prospect of addressingmultiple
good public services, including waste management, climate
change mitigation, and reduction of environmental pollution.
Taken together, this work contributes to the development of
environmentally friendly and economically viable fertilizer solu-
tions for sustainable agriculture and ecosystems preservation,
ultimately contributing to SDGs #8, 9, 11, 12, 13, 14 & 17. Further
work is currently ongoing on further optimization of pyrolysis
© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions, focusing on temperature and biomass residence
time, to produce functional biochar with minimal energy
consumption and processing time. Additionally, experimental
and computational molecular simulations are being conducted
to study the sorption interactions between biochar and nano-
nutrients. This research ultimately aims to fortify biochar with
nanoscale nutrients to address elemental deciencies in the
feedstock, creating balanced nutrient products with the nano-
enabled biochar-based fertilizers being tested on crops under
eld conditions to evaluate their effectiveness.
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