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Circular waste valorization: humic acid adsorption
onto ZnS nanoparticle-loaded biomass and
conversion into nutrient-rich alginate beads

*ab

J. Balaji® and R. Lakshmipathy

This study aims to investigate the adsorption of humic acid onto zinc sulphide (ZnS) nanoparticle-loaded
acid-activated biomass (ZnS-AAB) and its conversion to alginate beads with the addition of K* and
NOs2~ for agricultural applications. The ZnS nanoparticles were synthesized using Manilkara zapota seed
extract and exhibited particle sizes of less than 2 nm and a band gap of 3.16 eV. The successful
incorporation of ZnS into biomass was evidenced by Fourier transform infrared (FTIR) spectroscopy, X-
ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX). The successful encapsulation of nutrients and ZnS nanoparticle-loaded biomass into the alginate
beads was confirmed by EDX analysis. The adsorption of humic acid was optimized using the Box-
Behnken design and was found to be significant, with a p-value of <0.0001 and a high F-value of 408.25.
Error analysis of the isotherm and kinetic data validated the applicability of the Langmuir and pseudo
second-order kinetic models with low root mean square error (RMSE) and average absolute relative error
(AARE) values. The release of nutrients suggested that K* and NOz°~ released faster than humic acid and
achieved 100% release within two weeks. The release kinetics of nutrients followed zero-order and
Korsmeyer—Peppas (K-P) models, which were supported by correlation coefficients and low error
values. The structural stability of the beads was confirmed through a swelling index study and using FTIR
and SEM techniques. The overall results suggest the sustainable and circular approach of the present
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Introduction

Humic acid (HA) is an important organic nutrient that supports
the soil in agricultural use.* HA is used in many agricultural
practices due to its support of soil bacteria that are present on
roots. The excess use of HA leads to its release into water
streams without fulfilling its actual purpose and leads to the
yellowish coloration of water. The major issue with the presence
of HA in water streams, especially in treated or disinfected
water, is the formation of various toxic products when they
come in contact with disinfectants.* Considering the potential
impacts, it is desirable to eliminate the HA from water streams
before they are let into the water streams. There are various
techniques to eliminate HA from water sources, and adsorption
is one of the economical and eco-friendly techniques that
prolifically eliminates HA and provides an opportunity for its
reuse.
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study with no environmental impact.

Adsorbents such as activated carbon,* mesoporous carbon
shells,” natural clay,® zeolites,” animal bones® and nano-
materials® have been explored for the removal of HA from
aqueous solutions. A useful review on the removal of humic acid
using various adsorbents has been reported, which provides
crucial insights on various adsorbents.'® Although adsorbents
from different sources have been explored for the removal of
HA, they have limitations in terms of their production, avail-
ability and reuse. Researchers always look for adsorbents that
are economical and efficient. A thorough literature survey
revealed only a couple of studies on the direct use of nano-
materials for the adsorption of HA from aqueous solutions.
Graphene oxide was explored for the removal of HA, which
exhibited an adsorption capacity of 39.3 mg g ' at pH 3.* In
another study, a copper/aluminium double hydroxide layer
nano adsorbent was explored, and a high removal efficiency of
277.7 3 mg g " was observed, highlighting the excellent ability
of nano-phased materials in removing HA.® Interestingly, one
study reported ZnO and TiO, powder-based surface modifica-
tions on walnut shells and used them as a modified adsorbent
for the removal of HA.*> The adsorption efficiency increased
with surface modifications of ZnO and TiO, powders; however,
the powders were in the bulk phase rather than in their nano-
material form.
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Most reports on HA adsorption discuss the reuse of adsor-
bents for consecutive cycles and do not discuss the reuse of the
adsorbed or recovered HA. Considering the importance of HA in
agriculture, it is appropriate to develop a process for the reuse of
the adsorbed HA from aqueous solutions. In order to achieve
this process, it is crucial to select appropriate adsorbents that
can synergistically enhance the overall agricultural output in
addition to HA. Agro-wastes are one important source of carbon
and other essential minerals, such as N and S, which could be
useful in developing a suitable adsorbent through surface
modifications with nanomaterials.

This study aims to investigate the green synthesis of ZnS
nanomaterials using agro-waste and the loading of ZnS nano-
materials onto the surface of acid-activated biomass for the
removal of HA from aqueous solutions. Further, the conversion
of HA-loaded ZnS biomass into beads is explored and its ability
for the controlled release of nutrients for supporting plant
growth systems is investigated.

Materials and methods
Preparation of aqueous extract and biomass activation

Manilkara zapota is a commonly grown fruit in Asian countries,
especially India. The seeds of the fruit are usually discarded as
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waste due to their bitter taste; however, they are rich in
biomolecules and have been explored for their medicinal value.
Considering their rich biomolecule content, Manilkara zapota
seeds (MZS) were selected in this study to prepare an aqueous
extract for ZnS nanoparticle synthesis, and the acid-activated
biomass was further prepared. First, the seeds were collected
from a local fruit shop, washed with running water to eliminate
dust, and dried in an oven at 100 °C for 2 h. Later, the dried
seeds were powdered using a conventional mixture, and to
prepare the aqueous extract, 1 g of the powder was added to
100 mL of water and boiled at 80 °C for 30 min. The obtained
decoction was separated by filtration, and a freshly prepared
extract was used in the synthesis of the ZnS nanoparticles. After
extraction, the solid biomass was stored separately for activa-
tion with acid.

Synthesis of ZnS nanoparticles

A zinc nitrate solution of 0.1 M was prepared, and to 50 mL of
the solution, 50 mL of freshly prepared seed extract was added
upon stirring. The addition of seed extract turned the solution
yellowish, and stirring was continued while adding 50 mL of
0.1 M sodium sulfide solution drop by drop. Upon addition of
sodium sulphide (Na,S) drop by drop, a yellowish white
precipitate formation was noticed, confirming the formation of

Manilkara
Zapota
Seed

Seed
Powder

H,PO,

Fig.1 Schematic of the synthesis of ZnS nanoparticles using Manilkara zapota seed extract, preparation of ZnS-loaded acid-activated biomass
(ZnS-AAB), adsorption of humic acid, and subsequent conversion into nutrient-loaded alginate beads for controlled release applications.
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ZnS, and after addition of all the Na,S solutions, the stirring was
continued further for 30 min at room temperature. The ob-
tained product was later separated by centrifugation, and the
solid product was washed with water and ethanol to remove
impurities. Later, the yellowish white ZnS nanoparticles were
dried in an oven at 80 °C for 120 min and stored in air tight
containers for further characterization and use (Fig. 1).

Acid activation of biomass (AAB)

10 g of M. zapota seeds was used for aqueous extract prepara-
tion; the remaining biomass was dried in an oven at 80 °C for
60 min to remove moisture. To 5 g of dried biomass, 5 g of
orthophosphoric acid was added and stirred to obtain a slurry
mass. The slurry mass was placed in an oven and heated at 120 °
C for 60 min to activate the biomass and make it carbon rich.
After heating, the product was cooled to room temperature and
later washed several times with water to neutralize the pH of the
biomass and remove the leached organic matter. Once again,
the water-washed biomass was dried in an oven at 80 °C for
120 min, and the dried activated biomass was characterized and
used further (Fig. 1).

ZnS loading onto acid-activated biomass

In order to load ZnS nanoparticles onto acid-activated M. Zapota
seed biomass, first, 1 g of ZnS nanoparticles was added to 50 mL
of water and sonicated for 10 min to obtain a homogenous
suspension. Similarly, 1 g of activated biomass was added to
50 mL of water and sonicated to obtain a dispersed suspension.
Later, the suspension of the ZnS nanoparticles was added drop
by drop to the biomass suspension under constant stirring on
a magnetic stirrer. Stirring was continued for 60 min in order to
allow the ZnS nanoparticles to load onto the activated biomass.
The final ZnS-loaded acid-activated biomass was obtained by
filtration and heated at 150 °C for 60 min to remove moisture
and cure the product (Fig. 1). The dried product was named
ZnS-loaded acid-activated biomass (ZnS-AAB). The ZnS loading
onto the biomass was quantified using thermogravimetric
analysis (Fig. S1). Based on the difference in residual mass
between the pristine biomass and ZnS-loaded biomass, the ZnS
loading was calculated to be approximately 1.9 wt%.

HA-adsorbed ZnS-AAB beads

To prepare the alginate beads, ZnS-AAB loaded with HA after the
adsorption experiments was considered. Exactly, 1 g of HA-
loaded ZnS-AAB collected from the adsorption experiments
was added to 100 mL of 2% sodium alginate solution and stir-
red using a magnetic stirrer. To the same mixture while stirring,
20 mL of 1% KNO; solution was added, and stirring was
continued for 30 min. A solution of 2% of 200 mL of calcium
chloride solution was prepared, and to this solution, the algi-
nate solution containing HA-loaded ZnS-AAB and KNO; was
added drop by drop using a dropper. Upon the addition of the
mixture to the calcium solution, beads were formed due to the
crosslinking of calcium ions. The process was performed under
sonication to obtain even spherical beads. After all components
were added to the beaker, it was removed from the sonicator

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and set aside for 10 minutes to cure. The mixture was then
filtered to obtain the beads. The obtained beads were washed
with water to remove unreacted calcium and chloride ions from
the surface and dried in an oven at 80 °C for 6 h. The oven-dried
beads were characterized and used for further investigations.

Characterization

The ZnS nanoparticles, ZnS-AAB and ZnS-AAB beads were
characterized using various analytical techniques to understand
their formation and properties. The optical properties of the
ZnS nanoparticles were measured using a UV-vis spectropho-
tometer (SHIMADZU, UV 3600 Plus) from 200 to 800 nm, and
the humic acid concentration was recorded at a wavelength of
254 nm. The functional groups present on the ZnS, AAB, ZnS-
AAB and ZnS-AAB beads were analyzed from 4000 to 400 cm !
using an FTIR spectrophotometer (SHIMADZU, IRTRACER 100).
The diffraction patterns of ZnS, composites and beads were
recorded for 26 values from 5 to 80 using powder X-ray
diffraction (Bruker, DS8). The surface morphology of the
biomass and beads was visualized using HR-Scanning electron
microscopy (Thermo Fisher Scientific), and the elemental
profiles of the samples were obtained from EDX coupled with
SEM. The size and shape of the ZnS nanoparticles were visual-
ized with HR-transmission electron microscopy (Jeol-Japan).

Batch adsorption studies

The adsorption of HA by ZnS-AAB was performed in a batch
adsorption process by optimizing the independent variables
using RSM. All the experiments were performed using 50 mL of
test solutions in a 100 mL conical flask using a mechanical
shaker. The test solutions with ZnS-AAB were agitated at
100 rpm in a mechanical shaker, and ZnS-AAB was separated
from the test solution by centrifugation at 5000 rpm. The
supernatant solution was subjected to UV-visible light, and the
absorbance was tested at 254 nm to calculate the residual
concentration of HA in the resulting solution. The removal
percentage and loading capacity of the ZnS-AAB were calculated
using the following equations (eqn (1) and (2)):

G — G

0

% HA adsorption = x 100, 1)

G —C
— X

Adsorption capacity = po

V. @)

Box-Behnken design

Box-Behnken design (BBD) of response surface methodology
(RSM) was adopted to optimize the independent variables, such
as pH, contact time and initial concentration; further, they are
economical due to fewer runs. Each independent variable was
tested at three levels, as shown in Table 1. A total of 17 experi-
mental runs were performed in this study based on the devel-
oped design matrix.
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Table 1 Independent variables and their levels selected for the opti-
mization of HA adsorption by ZnS-AAB

Factor Name Level Low level High level Coding
A pH 5.00 3.00 7.00 Actual
B Contact time 75.00 30.00 120.00 Actual
C Initial concentration 175.00 50.00 300.00 Actual

Water absorption behaviour

The water immersion method was adopted to study the water
swelling index of the ZnS-AAB beads. To perform this study,
0.5 g of dry beads was immersed in 20 mL of water at room
temperature (30 °C) and incubated with gentle manual stirring
at regular time intervals. Every hour, the beads were removed
from the water, wiped with tissue paper to remove the surface
water and weighed. The swelling experiments were performed
in triplicate, and the mean values were reported. The equilib-
rium water retention capacity was determined using the
following equation (eqn (3)):

W, — Wy

SI =
Wy

(3)
where W, is the weight of the beads at various time intervals and
Wy is the weight of the dry beads.

Release of nutrients from alginate beads. The release of
nutrients from the alginate beads was investigated by placing
0.1 g of beads in 100 mL of 0.1% calcium solution. A calcium
solution was used in this study to create a hard water environ-
ment. Every day, 5 mL of the solution was drawn, and an equal
volume of calcium solution was added to the test solution for 2
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weeks. The collected samples were subjected to UV and flame
photometry to determine the concentrations of K', NO;~ and
HA nutrients.

Results and discussion
Characterization

UV-vis spectroscopy. ZnS nanoparticles are well known for
their optical properties due to which they have wide applica-
tions in various domains. In this study, the ZnS nanoparticles
synthesized using the aqueous extract of Manilkara zapota seeds
were subjected to UV-visible analysis, and the results are pre-
sented in Fig. 2. The plot exhibits a decreasing trend from
200 nm and is found to have a hump at approximately 325 nm,
which confirms the first electron transition 1Se-1Sh due to the
quantum confinement of charge carriers, resulting in a smaller
particle size of ZnS.** Further, the band gap of the ZnS nano-
particles was calculated using the Tauc plot and found to be
3.16 eV, which was lower than that of the bulk ZnS (~3.7 eV).**
Although nanoscale ZnS typically shows band gap widening due
to quantum confinement, the observed reduction indicates that
surface effects dominate in the present system. At particle sizes
below 2 nm, a high surface-to-volume ratio promotes the
formation of defect states (e.g., sulfur vacancies), while phyto-
chemical capping further modifies the surface electronic
structure, which is in good agreement with the literature.*>”

FTIR spectroscopy. The FTIR spectra of ZnS nanoparticles,
acid-activated biomass, ZnS-loaded biomass, humic acid-
loaded ZnS-biomass and humic acid-loaded ZnS-biomass
beads are depicted in Fig. 3. The FTIR spectra of ZnS nano-
particles displayed several peaks corresponding to various
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Fig. 2 UV-vis spectra of ZnS nanoparticles synthesized using the aqueous extract of Manilkara zapota seeds.
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Fig.3 FTIR spectra of (a) ZnS nanoparticles synthesized using the aqueous extract of Manilkara zapota seeds, (b) acid-activated Manilkara zapota
seed biomass, (c) ZnS nanoparticle-loaded acid-activated Manilkara zapota seed biomass, (d) HA-ZnS-AAB (e) HA-ZnS-AAB alginate beads.

functional groups that assisted in the synthesis and stabiliza-
tion of nanoscale ZnS (Fig. 3a). A broad peak at 3224 ¢cm ™"
corresponds to the hydroxyl group stretching vibrations of
biomolecules, such as flavonoids and phenols, in the aqueous
extract of Manilkara zapota seeds. Sharp peaks at 2924 and
2837 cm™ ! represent methyl group stretching vibrations. A peak
at 1639 cm ™' is due to bending vibrations of hydroxyl groups,
and this could be due to the presence of moisture in the ZnS
nanoparticles. The asymmetric and symmetric stretching
vibrations of carboxylate groups were observed at 1550 and
1417 cm™ ', respectively, and the C-O stretching of alcohols was
observed at 1024 cm ™. In general, all metal-oxide and metal-
sulphide bond peaks are usually observed between 450 and
670 cm™".*® In this study, a less intense peak at 478 cm™ " was
observed, which could be attributed to the Zn-S stretching
vibration. The presence of biomolecules on the surface of the
ZnS nanoparticles can interact with the biomass surface by mT-m
interactions and assist in surface binding. Further, the
biomolecules can electrostatically attract HA towards the
surface of the ZnS nanoparticles and synergistically enhance the
HA adsorption. The FTIR of acid-activated biomass from Man-
ilkara zapota seeds exhibited a number of peaks, indicating
a variety of functional groups (Fig. 3b). A small peak at
3743 cm™ " indicates a free hydroxyl group that arises due to the
heating and acid treatment of the biomass. A strong intense
peak at 2927 cm " indicates methyl group dominance due to
pretreatment with acid. A peak at 1732 cm™* represents the
carbonyl ketone group molecules of biomass. A medium-
intense band at 1627 cm™' is due to carboxylate group

© 2026 The Author(s). Published by the Royal Society of Chemistry

asymmetric stretching vibrations, and the functional group
presence is supported by the symmetric stretching vibrations
observed at 1529 cm™'. The aromatic C-H asymmetric vibra-
tions are noticed with a peak at 1444 cm ™', and peaks at 1153
and 1033 are due to the C-O stretching of polysaccharides. The
characteristic peaks of biomass and ZnS around 470 cm ™" was
observed in ZnS-loaded biomass, confirming the successful
loading of ZnS onto the surface of biomass (Fig. 3c). Similarly,
the humic acid-loaded ZnS-biomass also resulted in very iden-
tical bands with additional bands in the fingerprint region
below 800 cm™*, which is due to humic acid with shifted Zn-S
peak at 451 cm™ ", and the shift is due to binding of humic acid
onto the surface of the ZnS nanoparticles (Fig. 3d). The beads of
humic acid-loaded ZnS nanoparticle biomass exhibited the
characteristic peaks of ZnS and biomass (Fig. 3e). The results of
FTIR highlight the successful incorporation of humic acid-
loaded ZnS biomass into beads.

XRD analysis. The powder X-ray diffraction of ZnS, biomass,
ZnS-biomass, ZnS beads and ZnS-biomass beads are illustrated
in Fig. 4. The XRD of ZnS nanoparticles synthesized using the
aqueous extract of Manilkara zapota seeds yielded three distinct
peaks at 26 values of 28.5°, 47.5° and 56.3°, suggesting the
formation of cubic phase, and the broad peaks indicate their
smaller crystalline size (Fig. 4a). Since the synthesis of ZnS
nanoparticles was performed at lower temperatures, the zinc
blende phase dominates the formation. The patterns are in
good agreement with JCPDS card no. 01-079-0043 and are
additionally supported by literature reporting the green
synthesis of ZnS nanoparticles.” The crystallite size of ZnS

RSC Adv, 2026, 16, 22879-22896 | 22883
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Fig. 4 XRD patterns of (a) ZnS nanoparticles, (b) biomass, (c) ZnS-loaded biomass, (d) ZnS nanoparticle beads and (e) HA-ZnS-AAB bead

containing K* and NO3 ™~ ions.

nanoparticles was estimated using the Scherrer equation from
XRD peak broadening and found to be ~2.44 nm. The XRD of
the acid-activated Manilkara zapota seed biomass displayed
a broad peak with a maximum at 19°, which is due to the semi-
crystalline structure of cellulose, and the broad peak is a result
of disordered regions of the cellulose (Fig. 4b). The character-
istic peaks of the ZnS nanoparticles and biomass were evi-
denced in the ZnS-loaded biomass (Fig. 4c). However, the
intensity of the ZnS peaks was low compared to pure ZnS, which
is due to the low percentage of ZnS present on the surface of the
biomass. The ZnS alginate beads exhibited characteristic peaks
of ZnS nanoparticles; however, no other peaks were evidenced
(Fig. 4d); similarly, the ZnS-loaded biomass beads containing
HA, K" and NO;~ exhibited weak characteristic ZnS peaks
(Fig. 4e).

SEM analysis. The scanning electron microscopy technique
was used to visualize the surface morphology of pristine
biomass, AAB, ZnS-AAB, humic acid, and K" and NO;~ ion-
loaded ZnS-biomass alginate beads. The results are presented
in Fig. 5. The pristine biomass surface was observed to be rough
and layered (Fig. 5a). The surface of acid-activated biomass is
found to be porous and uneven, as shown in Fig. 5b. Acid
activation resulted in the development of porosity on the
surface of the biomass, making it ideal for adsorption investi-
gations.” The surface of the ZnS-loaded biomass also exhibited
a similar surface with porosity; however, an even distribution of
ZnS nanoparticles on its surface is clearly evidenced, confirm-
ing the loading of ZnS nanoparticles onto the surface of the
acid-activated biomass (Fig. 5c¢). The composite bead reveals
a spherical shape and uneven surface with no cracks on its
surface (Fig. 5d).

EDX analysis. The elemental analysis obtained from SEM
investigations provided valuable information on the elements
present, and EDX patterns obtained in this study are summa-
rized in Fig. 6. The elemental profile of acid-activated biomass

22884 | RSC Adv, 2026, 16, 22879-22896

showed elemental peaks of C, O, P and S (Fig. 6a). The elements
C, O and S are due to the biomass molecules containing C, O
and S compounds, and the P peak is due to acid activation of
biomass with ortho phosphoric acid. The elemental profile of
ZnS-loaded biomass reveals the presence of Zn and S elements
in addition to C, O, S and P, which are present in biomass
(Fig. 6b). The presence of additional characteristic peaks
confirms the loading of ZnS nanoparticles onto the surface of
the acid-activated biomass. For a better understanding on the
distribution of ZnS nanoparticles onto the surface of the AAB,
EDX mapping was performed (Fig. 6d and e). The EDX mapping
shows the even distribution of ZnS nanoparticles onto the
surface of AAB. The elemental profile of the beads highlighted
the successful preparation of ZnS-biomass beads with K" ions.
The Ca element peak is from calcium cross-linked beads of
alginate, and K is due to the addition of KNO; at the time of
preparation of the beads (Fig. 6¢). An additional intense chlo-
ride peak is noticed, which is due to CaCl, solutions used in the
preparation of the beads. The absence of nitrogen in the EDX
spectrum is attributed to the inherent limitations of EDX
analysis in detecting elements with low atomic numbers.
Nitrogen, being a light element, often exhibits weak signals that
fall below the detection limit of the instrument and overlap with
the signals of carbon and oxygen.

TEM analysis. A transmission electron microscope was used
to visualize the size and shape of the ZnS nanoparticles
synthesized using aqueous extracts of Manilkara zapota seeds.
The images revealed the formation of ZnS nanoclusters with
a size less than 2 nm and irregular shapes (Fig. 7). Initially, at
20 nm scale magnifications (Fig. 7a), the shape seems to be
spherical with agglomerations, but at a scale of 2 nm (Fig. 7b),
the shapes of the ZnS are found to be irregular with no specific
shapes. Though the particles are agglomerated, the total
agglomerated particle sizes are in the nanoscale range. This
agglomeration is due to the biomolecules of the aqueous

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of (a) pristine biomass, (b) acid-activated biomass,
taining humic acid and K* and NOz ™ ions.

extracts of Manilkara zapota seeds binding to each other due to
intermolecular hydrogen bonding.”* A particle size distribution
histogram (Fig. 7c) was constructed from TEM images by
measuring multiple particles, which yielded an average particle
size of ~1.39 nm. This is in close agreement with crystallite size
(~2.44) nm calculated from XRD for ZnS nanoparticles. The
TEM-EDX (Fig. 7d) confirms the elemental composition of the
green synthesized ZnS nanoparticles. The EDX spectrum clearly
shows the presence of Zn and S as the major constituents, which
confirms the successful formation of ZnS nanoparticles.
Quantitative analysis reveals that Zn and S are present with
weight percentages of 68.55% and 31.45%, respectively. The
absence of extra impurity peaks indicates that the green-
synthesized ZnS nanoparticles are highly pure. Small signals
related to carbon (C) and copper (Cu) are also observed. These
are likely caused by the carbon-coated copper grid used in the
TEM analysis; additionally, the C peak is due to the biomole-
cules capped onto the surface of the ZnS nanoparticles. Overall,
the EDX results confirm the elemental makeup and successful
formation of the ZnS nanoparticles.

BBD of HA adsorption. The optimization of independent
variables such as pH, contact time and initial concentration
towards HA removal by ZnS-AAB was performed using BBD,
and the results of the experimental design in terms of %

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(c) ZnS-loaded acid-activated biomass and (d) ZnS-biomass bead con-

removal are summarized in Table 2. It is noticed that the %
removal obtained via experimental runs is in good agreement
with the predicted values, highlighting the suitability of the
developed design. The alignment of experimental values and
predicted values along a straight line further confirms the
suitability of the design, and the Box-Cox lambda value is
found to be close to 1, suggesting no transformation
requirements for the developed design (Fig. 8). The ANOVA of
the experimental values obtained in this study for the removal
of HA by ZnS-AAB is summarized in Table 3. The applicability
of the significance of the present design is determined from
the F-value and p-value, and in this study, an F-value of 408.25
with a p-value <0.0001 highlights the reliability of the model.
The performance of the model is further assessed by the
standard deviation, mean, CV% and R” values. In this study,
a standard deviation of 1.15 with a mean of 64.34 provides the
strong predictive accuracy of the present model, and the high
precision of the model is evidenced by the CV (1.78%). Adding
to the accuracy and precision of the model, the R* values
further support the observations, and the experimental,
adjusted and predicted R*> values are all close to 1. An
adequate precision value indicates an excellent predictive
capability of the model and readiness to navigate for opti-
mization.”> A value of 69.27 in this study provided an

RSC Adv, 2026, 16, 22879-22896 | 22885
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Fig. 6 EDX profile of (a) acid-activated biomass, (b) ZnS-loaded acid-activated biomass and (c) ZnS-biomass bead containing humic acid and K*
and NOsz™ ions. (d) SEM image of ZnS-AAB used for elemental mapping and (e) ZnS-AAB elemental mapping.

outstanding signal-to-noise ratio with excellent predictive optimization process for the removal of HA by ZnS-AAB. The
capability and indicated the robustness of the model. All experimental quadratic equation for the removal of HA by
these results confirm the exceptional reliability of the ZnS-AAB is provided as follows (eqn (4)):
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Fig.7 TEM images of ZnS nanoparticles in (@) 20 nm scale magnification and (b) 2 nm scale magnification. (c) TEM-histogram for average particle
size distribution and (d) TEM-EDX for ZnS nanoparticles synthesized using the aqueous extracts of Manilkara zapota seeds.

Removal = 80.62 — 7.014 + 9.91B — 12.40C + 0.424B — 5.154C
— 1.45BC — 20.074% — 7.42B*> — 7.10C~. (4)

The 3D surface plots of independent variable interaction
provide valuable information on the optimization of indepen-
dent variables,” and the plots obtained in this study are pre-
sented in Fig. 9. The 3D plot of pH vs. contact time (Fig. 9a)
indicates that the maximum removal efficiency is noted at pH 4
and later decreases with an increase in pH. At pH 4, HA remains
protonated, and this allows HA to form hydrogen bonding,
hydrophobic interactions and van der Waals forces, making it
ideal for maximum adsorption. Further, the compact size of HA
at low pH further makes it accessible to the surface sites for
binding. When the pH increases, the surface functional groups
of HA deprotonate and attain a negative charge, which may

© 2026 The Author(s). Published by the Royal Society of Chemistry

repel due to the same charges and further increase the size of
the HA molecule.' The pH,,. of ZnS-AAB was experimentally
determined to be at pH 5.1 (Fig. S3), and this makes it favorable
for the adsorption of HA at pH 4. At pH 4, the concentration of
HA was found to increase with an increase in contact time, and
this is due to the fact that at higher contact times, HA has
enough time to interact with the surface sites for enhanced
adsorption. In the case of pH vs. initial concentration (Fig. 9b),
maximum removal was evidenced at pH 4. However, with a rise
in the initial concentration, the removal efficiency decreased,
and this is due to the exhaustion of surface-active sites for the
binding of HA.** Similarly, in the case of contact time vs. initial
concentration (Fig. 9¢), the removal efficiency remained high at
higher contact times with lower concentrations. With an
increase in initial concentrations, the efficiency was found to be
low despite increasing the contact time. A cube plot is

RSC Adv, 2026, 16, 22879-22896 | 22887
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Table 2 BBD runs with experimental and predicted values
Removal%
C: initial
Std Run A: pH B: contact time (min) concentration (mg L") Exp Predicted
15 1 5 75 175 80.5 80.62
6 2 7 75 50 62.9 63.99
8 3 7 75 300 28.1 28.89
11 4 5 30 300 44.6 45.24
12 5 5 120 300 62.5 62.16
7 6 3 75 300 54.3 53.21
5 7 3 75 50 68.5 67.71
14 8 5 75 175 80.6 80.62
16 9 5 75 175 80.9 80.62
17 10 5 75 175 80.5 80.62
13 11 5 75 175 80.6 80.62
2 12 7 30 175 37.2 35.78
4 13 7 120 175 56.9 56.45
10 14 5 120 50 90.5 89.86
3 15 3 120 175 68.2 69.63
1 16 3 30 175 50.2 50.65
9 17 5 30 50 66.8 67.14
Predicted vs. Actual Box-Cox Plot for Power Transforms
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Fig. 8 (a) Predicted vs. actual value distribution plot and (b) Box—Cox plot for transforms obtained for the removal of HA by ZnS-AAB.

a powerful decision-making tool for identifying optimal condi-
tions, and a cube plot of the interaction of the three indepen-
dent variables obtained in this study is shown in Fig. 9d. The
plot indicates the optimal conditions for the maximum removal
of HA by ZnS-AAB, and the pH is found to be the most critical
factor of influence, followed by contact time. The optimal
conditions for this study are pH < 5, contact time > 120 min and
moderate initial concentrations.

Adsorption isotherms. To understand the type and process
of the adsorption of HA by ZnS-AAB, adsorption isotherms such
as Langmuir, Freundlich, D-R and Temkin isotherm models
were used to analyze the equilibrium data. The non-linear plots
of isotherm models are presented in Fig. 10, and their respective
constants and coefficients are summarized in Table 4. The

22888 | RSC Adv, 2026, 16, 22879-22896

correlation coefficients of all the models are close to one, sug-
gesting their applicability, with the Langmuir isotherm being
very close to one.”® It is also important to consider the other
constants of the models to understand the adsorption process.
The Freundlich constants Ky and n were noted to be 85.32 and
3.45, respectively, and any value of n > 1 makes the adsorption
favorable. The g, value calculated from the Langmuir isotherm
was found to be 297.5 mg g™, and this is in good agreement
with the experimental g, value of 293.7 mg g~ . The K;, value of
0.023 indicates the stronger affinity of HA towards ZnS-AAB for
adsorption. Further, the K; value obtained in this study was
used to determine the dimensionless separation factor (R;), and
it was noticed that for all the studied concentrations of HA (50-
300 mg L"), the R, values were found to be between 0.12 and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 ANOVA of HA removal by ZnS-AAB
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Source Sum of squares df Mean square F-value p-value
Model 4839.82 9 537.76 408.25 <0.0001
A-pH 393.40 1 393.40 298.66 <0.0001
B-contact time 786.06 1 786.06 596.76 <0.0001
C-initial concentration 1230.08 1 1230.08 933.85 <0.0001
AB 0.7225 1 0.7225 0.5485 0.4830
AC 106.09 1 106.09 80.54 <0.0001
BC 8.41 1 8.41 6.38 0.0394
A? 1696.44 1 1696.44 1287.90 <0.0001
B* 231.97 1 231.97 176.11 <0.0001
c* 212.10 1 212.10 161.02 <0.0001
Residual 9.22 7 1.32
Lack of fit 9.11 3 3.04
Pure error 0.1080 4 0.0270
Cor total 4849.04 16 R? 0.998
Std. dev 1.15 Adjusted R 0.995
Mean 64.34 Predicted R 0.969
CV% 1.78 Adequate precision 69.27
100
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Fig. 9 3D surface plots of (a) pH vs. contact time, (b) pH vs. initial concentration, (c) contact time vs. initial concentration and (d) cube plot for %

removal with independent variables for the removal of HA by ZnS-AAB.
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Fig. 10 Non-linear isotherm plots obtained for the removal of HA by ZnS-AAB under equilibrium conditions (pH 4 and contact time 120 min).

Table 4 Constants and coefficients of isotherm models obtained for the removal of HA by ZnS-AAB

Isotherm Equation Constants Values RMSE (mgg™')  AARE (%)
Freundlich e = Ke Ce% K¢ (mg g™ 85.32 12.45 6.23
N 3.45
R 0.982
Langmuir _ OmKLC. gm (mgg™) 297.5 4.87 2.15
9= 1+ K Ce Ky (L mg™) 0.023
R’ 0.999
D-R 1\12 Qm (mgg™ 275.1 15.62 7.84
Ge = s exP( —Kpr {RT In<1 + 5)} ) Kp-r 3.22 x 1077
¢ E (k] mol ™) 12.45
R 0.974
Temkin g — g In(4:Cy) 2 (L mg:) 0.045 18.76 9.45
T (mgg ) 62.34
R 0.953

0.46, suggesting that the HA adsorption by ZnS-AAB is favorable
under all conditions (Table S1). The Qy, value obtained from the
D-R isotherm was determined to be 275.1 mg g %, which is
quite close to the experimental value; the mean free energy of
the adsorption is found to be 12.45 k] mol ', and it indicates
that the mechanism is ion-exchange; however, it also falls
within the range of physical adsorption.”” A low value of A
(0.045) and a high value of B (62.34) obtained for Temkin
constants indicate lower repulsion and higher physical
adsorption possibilities for the removal of HA by ZnS-AAB.
Correlation coefficients are one important indicator of the
better applicability of isotherm models to equilibrium data, and
researchers use them in decision making. However, in this
study, the correlation coefficients for the four isotherm models
are close to one. Since the correlation coefficients are close to

22890 | RSC Adv, 2026, 16, 22879-22896

one, it is imperative to decide which is the best fitting model to
the data, and error analysis was performed to identify the best-
suited model. The error analysis revealed that the Langmuir
isotherm has the lowest RMSE and AARE compared to the other
three isotherm models, making it the most suitable model for
the removal of HA by ZnS-AAB, and Temkin is the least suitable
model (Table 4). Thus, the better fit of the Langmuir model
highlights the monolayer adsorption dominance over multi-
layer adsorption.

Kinetics of adsorption. The kinetic data obtained at various
temperatures were subjected to four kinetic models in order to
understand the rate of reaction of the binding mechanism, and
the results are summarized in Table 5 and Fig. 11 for 303 K and
in Tables S2-S3 and Fig. S4 for 313 and 323 K. It is interesting to
see that the selected kinetic models exhibit a good fit to the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Kinetic constants obtained for the removal of HA by ZnS-AAB
at 303 K (initial concentration 50 mg L)

Model Constants Value RMSE AARE (%)
Pseudo first order ge (mgg™) 83.5 321 4.12
ky (min™) 0.045
R 0.985
Pseudo second order ¢, (mgg™) 85.2 1.05 1.33
k, (mg g ' min™") 0.0012
R 0.998
Elovich o (mg (g min) ™) 245 234 2.89
B (gmg™ 0.087
R 0.992
Intraparticle kiq (mg (z min®>*)™") 6.34 567 7.45
C(mgg) 18.4
R 0.934

kinetic data based on correlation coefficients being close to one.
The g. values of the first and second orders were close to the
experimental values, suggesting the applicability of the models.
However, the mechanism of binding of HA by ZnS-AAB can be
determined only when the best kinetic model is identified, and
in order to find the best fit model, error analysis was performed
for the kinetic data at all temperatures. It was identified that
pseudo second order has the least errors, with an RMSE of 1.05
and an AARE of 1.33. The RMSE and AARE of the other three
models were higher compared to the pseudo second order

View Article Online
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Elovich model were found to decrease with an increase in
temperature; this indicates that adsorption is favoured at lower
temperatures, and this is supported by the decreasing loading
capacities observed experimentally and by the pseudo first and
second order models. The intraparticle diffusion plots sug-
gested that pore diffusion is not the only process with multi
linear plots.>® The kinetic experiments were performed at higher
temperatures, and it was observed that the rate of reactions of
pseudo first- and second-order were found to increase; however,
the loading capacities were found to decrease with an increase
in temperature. The higher the temperature, the greater the
impact on the loading capacity (Tables S2 & S3). The decrease in
loading capacities is due to the weakening of adsorption sites
and an increase in the disorderliness of HA. These observations
suggest that higher temperatures make the adsorption of HA by
ZnS-AAB unfavourable. Further, the kinetic data were analysed
with the Arrhenius equation to determine the activation energy,
which was found to be 24.5 k] mol™". The activation energy
suggests that physisorption is the mechanism of the binding of
HA by ZnS-AAB, and this is in good agreement with the mean
free energy value obtained from the Dubinin-Radushkevich
isotherm (D-R isotherm).

Table 6 Thermodynamic data for the binding of HA by ZnS-AAB from
aqueous solutions

model, suggesting the best fit of the model to the kinetic data of ~Temperature AGe B AH° B Ase »
HA removal by ZnS-AAB. The Elovich model also exhibited () (ky mol ) (ky mol ) (k] K mol )
higher correlation coefficients with the least errors next to that 3, _5.78 _15.72 —0.032
of the pseudo second order. The « values obtained from the 313 —5.45
323 —5.12
Adsorption Kinetics at 303K
@ Experimental Data i
—— Pseudo-First Order (”j___-
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Fig. 11 Kinetic plots obtained for the removal of HA by ZnS-AAB at 303 K.
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Thermodynamics of HA binding by ZnS-AAB. Thermody-
namic investigations revealed crucial information on the
binding of HA by ZnS-AAB onto their surface, and the results of
the investigation are summarized in Table 6. The change in free
energy (AG°) was found to be negative at all studied tempera-
tures, suggesting the spontaneous nature of the adsorption of
HA by ZnS-AAB. It is observed that with an increase in
temperature, the spontaneity decreases, and this is in good
agreement with the kinetic data obtained in this study at

View Article Online
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various temperatures. The negative enthalpy values suggest that
the process is exothermic and that the heat release value of
15.72 k] mol " falls in the range of physical adsorption, which is
consistent with the observed activation energy value.”” The
negative entropy values suggest a decrease in randomness with
the orderly arrangement of HA molecules onto the surface of the
ZnS-AAB. Overall, the results conclude that adsorption is
favourable and preferred at lower temperatures for the
adsorption of HA by ZnS-AAB.
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Fig. 12 Swelling index plot of HA-loaded ZnS-AAB alginate beads in water.
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Encapsulation of HA-loaded ZnS-AAB into alginate beads.
Most studies aim at investigating the regeneration of the
adsorbent for reuse in multiple cycles, but the adsorbate reuse
has been ignored or unexplored. In this study, for the first time,
the reuse of the adsorbate-loaded adsorbent is explored for use
in agricultural applications, making the adsorption process
sustainable with circular thinking. The HA-loaded ZnS-AAB was
encapsulated into alginate beads with the addition of KNO; to
make it prolific for agricultural applications. The alginate beads
with biomass help in the retention of water and maintain soil
moisture during drought or arid conditions, and added
minerals and HA assist in plant growth and maintain soil
fertility.”*?® Further, the beads assist in the controlled release of
the essential minerals that support plant growth without
polluting the soil or surface runoff unlike fertilizers.*® The
successful encapsulation of HA-loaded ZnS-AAB into alginate
beads was evidenced by EDX analysis, which indicated the
essential nutrients required for plant growth, such as NPK.

Table 7 Kinetic data of nutrient release from HA-loaded ZnS-AAB
alginate composite beads
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Swelling index of the prepared alginate beads. The swelling
index of the prepared alginate beads was investigated by
immersing 0.5 g of beads in 20 mL of water. The results are
presented in Fig. 12. It is observed that the swelling index of the
composite beads was 0.316 or 31.6% and was found to be
saturated at 8 hours. The swelling rate is slower than usual due
to the formation of denser beads in the presence of acid-
activated biomass.** These slower swelling processes help in
the long-term stability of the beads, making them ideal for the
slower release of nutrients and ensuring long-term nutrient
availability.*” Further, the swollen beads release water gradually
during the de-swelling process and assist in plant growth in arid
regions.

Release of nutrients. Investigations were performed for the
release of K', NO; ™ and HA from alginate beads, and the results
are shown in Fig. 13. It is observed that the release of nutrients
was slow and gradual for 2 weeks, and K' and NO;~ leached
100%. The release of HA was found to be slow compared to the
other two nutrients, and only around 35% was released over
a span of 2 weeks. This is due to the complex structure of the HA
molecule and polymer matrix hindering the release of HA.
Further, the interactions of HA with ZnS nanoparticles and the
biomass surface contribute to the slower rate of release.

. 2 s p2
Model Nutrients k n R AdjR™ RMSE  A1though the K" and NO, ™ ions are not bound to the surface of
Zero-order K" 8279 — 0946 0.937 842¢ [heZnS-AAB, and owing to their smaller ionic size, they t?r.ld to
NO;~ 7844 —  0.964 0.950 7.570 leach 100% compared to HA. These results suggest the ability of
HA 1.927 —  0.845 0.819  4.633 the composite alginate beads to apply seed coating in agricul-
First-order K* - 0.161 —  0.889 0.871 12.06  ture. The gradual release of the nutrients is consistent with the
NO, 0.142 —  0.878 0.848  13.14 swelling index results observed earlier in this study.
HA 0.021 — 0811 0.779  5.116 Kinetics of the rel P . The kinetic d £ th
Higuchi K 0558 —  0.837 0.810 14.62 .netlcs of the release o nufnents. he .metlc ata of the
NO,~ 2404 —  0.811 0.774 16.02 hutrient release were analyzed with four kinetic models, such as
HA 5587 —  0.571 0.499  7.705 zero order, first order, Higuchi and Korsmeyer and Peppas (K-P)
Korsmeyer Peppas K’ - 0.112° 0.87 0.955 0.937  7.680 models, and the respective plots and constants are presented in
NO, 0.084 0.97 0.965 0.940 7.516 Fig. S3 and Table 7. As illustrated in Table 7, the zero-order and
HA 0.118 2.15 0.999 0.999  0.192
——2ZBB-LS
——ZBB
< | 3345/ / 7 M 1445 /
| 3754 2934 e 1636 ~ 467
1035
3
s After leaching
£
£
0N
c
©
(= g 2345 "1443
8] 1035
466
\ .
3334 Before leaching
1 1 1 I 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 14 FTIR spectra of HA-loaded ZnS-AAB alginate beads before and after the release of nutrients.
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K-P models showed the highest correlation coefficients and low
RMSE values, suggesting their ability to explain the release
kinetics and mechanism of nutrient release from composite
beads. The low correlation and high RMSE value of the first-
order and Higuchi models suggest that there is less applica-
bility of the models to the present system. The best fit of the
zero-order model suggests that the release of nutrients follows
a time-independent controlled release constant mechanism,
which might be due to the swollen matrix of the beads.** The n
values 0.87 and 0.97 from the K-P model suggest that the
release of K" and NO; ™ ions is due to non-Fickian diffusion and
relaxation-controlled transport of nutrients, which is in good
agreement with zero-order observations.** A high n value of 2.1
obtained for HA is due to the complex interaction with ZnS-AAB;
the swelling of the polymer matrix helps transport the HA
molecule, and a high n value suggests that HA may rapidly burst
release due to the degradation of the polymer beads.
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Structural stability of beads. Structural stability of the beads
after the release of nutrients was analyzed using FTIR and SEM
techniques. The FTIR of ZnS-AAB alginate beads after release in
comparison with fresh beads is presented in Fig. 14. It is
observed that there are no significant changes in the functional
groups observed in the post release beads compared to fresh
beads, confirming that the alginate beads retain their structural
integrity even after seven days of immersion in water. Addi-
tionally, SEM investigations were performed for the ZnS-AAB
alginate beads to check any surface distortions or crack devel-
opment during the water immersion period (Fig. 15a). It is
observed that the structure of the beads was retained and that
no cracks were observed on their surface. The EDX analysis
(Fig. 15b) showed the absence of K" ions and the presence of all
other elements, confirming the successful release of K ions and
the structural stability of the beads after the release of nutrients.
These results suggest that the prepared beads were structurally
stable for one week without any surface damage and were able
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(a) SEM image and (b) EDX pattern of ZnS-AAB alginate beads post nutrient release.
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to release the nutrients successfully. This is in good agreement
with the literature, where the alginate beads degrade slowly with
respect to 1-2 weeks.**” The structural stability exhibited by
beads for one week in controlled environments indicates their
suitability for nutrient release as proof of concept. However,
their performance in soil environments and long term stability
require further investigation before they are considered for real-
time applications.

Environmental considerations and future directions. It is
important to evaluate the environmental concerns of nutrient-
loaded ZnS-AAB alginate beads since they are intended to be
used in real-world applications. The gradual release of K and
NO;~ ensures the optimal availability of the nutrients and
avoids surface runoffs, which may later lead to eutrophication.
The slow release of humic acid enhances soil health and
microbes and further helps in water retention. The alginate
beads prepared in this study are found to be stable in water for
a week; later, they may break down and release the ZnS nano-
particles and biomass.*® Since ZnS nanoparticles are immobi-
lized on the biomass matrix, their direct release into the
environment is minimized, reducing the risk of surface runoff
and associated soil toxicity. Over time, microbial activity in soil
can facilitate the gradual transformation of ZnS into bioavail-
able forms, such as Zn>" and SO,>~, which can be utilized by
plants as essential micronutrients. This controlled trans-
formation supports sustained nutrient availability for plant
growth.* The biomass is 100% biodegradable and exhibits no
environmental impact, making the process sustainable and
circular. However, if the ZnS nanoparticle degradation is too
slow, it may affect the soil microbial community, accumulate in
plants and exhibit toxicity. It is essential to evaluate the avail-
ability of a suitable microbial community that can potentially
break down the ZnS nanoparticles in soil.*” Hence, compre-
hensive long-term soil incubation and ecotoxicology studies are
required to fully elucidate the environmental fate, bioavail-
ability and safety of ZnS nanoparticles.

With the proof of concept, this study records that all the
elements and molecules present in the ZnS-AAB alginate beads
effectively support the plant growth system and contribute to
sustainable products from waste. The circular economy is
evident in the present approach, and it can be further improved
by sourcing Zn and S from waste sources for the production of
ZnS nanoparticles. Further, tailoring the alginate bead prepa-
ration depending on the soil type and plant variety would
enhance the production quality. To close the loop of biomass,
the biomass can be used in Manilkara zapota farming (zapota
seeds - zapota seeds biomass beads - zapota soil), making the
process circular and sustainable.

Conclusion

This study reports the first of its kind investigation on the
adsorption of humic acid by ZnS nanoparticle-loaded biomass
and its encapsulation in alginate beads for agricultural appli-
cations. The ZnS nanoparticles were green synthesized using
Manilkara zapota seed extract, and the spent seeds were con-
verted to biomass with acid activation. The synthesized ZnS

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles were characterized using various analytical tech-
niques and were found to be less than 2 nm in size with no
specific shapes. The presence of ZnS nanoparticles on AAB is
confirmed by FTIR spectroscopy, XRD, SEM and EDX tech-
niques. The adsorption of humic acid onto ZnS-AAB was opti-
mized using the BBD of the RSM. The design was found to be
significant and reliable with a p-value of 0.0001, and the
correlation coefficients of experimental, adjusted and predicted
are close to one. Isotherm and kinetic investigations high-
lighted the applicability of the models to equilibrium and
kinetic data. However, the error analysis provided much more
evidence on the better applicability of Langmuir and pseudo
second order kinetic models to the experimental data. A mean
free energy value of 12.45 k] mol " obtained for the D-R
isotherm and an activation energy of 24.5 k] mol " obtained
from the Arrhenius equation affirm the physical adsorption of
humic acid onto ZnS-AAB. The thermodynamic investigations
further support the spontaneity and exothermic nature of
adsorption, and the enthalpy value supports the physical
adsorption of the present process. The humic acid-loaded ZnS-
AAB was encapsulated into alginate beads with the addition of
K" and NO;~ ions to make the entire adsorption process
sustainable. The successful encapsulation of all the ions and
humic acid-loaded ZnS-AAB was evidenced by EDX analysis. The
beads were initially investigated for their swelling index and
found to be 31% for 8 hours. The swelling is found to be a slow
process due to the presence of biomass, which assists in water
retention for a longer time. The release of nutrients was found
to be in the order of K* > NO;>~ > HA depending on the size of
the ions and molecules. The beads were found to be stable even
after a week of immersion in water, making them suitable for
practical application in agriculture for the controlled supply of
macro and micro nutrients. The results demonstrate that the
present process is sustainable and circular from waste to
wealth, with specific agricultural applications.
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