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Abstract— Passiflora ligularis (granadilla) is widely cultivated
in tropical regions across the Americas. Its consumption generates
waste, such as peels, that are typically discarded. In line with the
principles of the circular economy, this study explores the green
synthesis of metal oxide nanoparticles using granadilla shell
extract, with potential applications in antimicrobial treatments and
in the remediation of water contaminated with heavy metals or
textile dyes. ZnO, CuO, and mixed Zn-Cu oxide nanoparticles were
synthesized via an eco-friendly coprecipitation method, using the
peel extract as a natural complexing and capping agent. The

nanoparticles were characterized by electron diffraction,
transmission  electron  microscopy, energy-dispersive X-ray
spectroscopy, and infrared spectroscopy to determine their

crystalline structure, morphology, size, aggregation state, and
elemental composition. The nanoparticles obtained were ultra-
small (3-5 nm), with low crystallinity. ZnO exhibited a hexagonal
wurtzite structure, while CuO showed a monoclinic phase. The
mixed Zn-Cu oxide displayed a Zn:Cu atomic ratio of
approximately 1:3, corresponding to the formula Zny.25Cuo.750. The
results suggest that granadilla shells are a viable green resource for
synthesizing metal oxide nanoparticles with high specific surface
areas, making them promising candidates for environmental and
antimicrobial applications.

Keywords-- granadilla, green synthesis, zinc oxide, copper
oxide, nanoparticles.

1. INTRODUCTION

Food systems generate substantial streams of inedible
residues throughout the value chain. Global assessments
reveal significant losses between harvest and retail, as well as
considerable waste at both the retail and consumer levels.
These findings have driven the development of circular
strategies aimed at valorizing bio-residues into higher-value
products, in alignment with SDG 12.3. In Peru, diagnostics
have shown that materials with recovery potential constituted
a large portion of the municipal solid waste stream in 2020.
However, only about 1% of these materials were valorized,
highlighting a critical implementation gap and underscoring
the need for scalable upcycling pathways [1], [2]. At the same
time, recent studies on food-waste biorefineries emphasize the
importance of converting unavoidable by-products into
functional materials that offer both environmental and
economic benefits [3].

In this context, the Passiflora genus is economically and
agronomically relevant in Latin America. The peel and seeds
of Passiflora ligularis (granadilla) remain under-valorized

despite compositional profiles rich in phenolics and flavonoids
with antioxidant capacity. Previous studies have reported the
extraction of bioactive fractions from granadilla waste through
sequential green extraction processes and have highlighted the
antioxidant potential of Passiflora residues. These findings
position granadilla peel as a promising renewable source of
phytochemicals for the green synthesis of nanomaterials [4]—
[9].

Green synthesis of nanomaterials replaces hazardous
reagents with plant-based extracts that complex metal cations,
steer nucleation, and cap the resulting nanoparticles. This
approach enables a rapid and cost-effective production method
aligned with the principles of frugal innovation. Several
studies have demonstrated the feasibility and functional
performance of Passiflora species in the green synthesis of
metal-based nanoparticles [10]. For instance, copper
nanoparticles with antimicrobial activity have been
synthesized using P. foetida leaf extracts; copper oxide (CuO)
nanoparticles with antioxidant properties and photocatalytic
dye degradation capabilities have been produced using P.
edulis extracts; and zinc oxide (ZnO) nanoparticles derived
from P. foetida peels have shown effectiveness as catalysts for
the removal of hazardous dyes [11]-[13]. Beyond feasibility,
these works validate the role of phytochemicals as reducing
and stabilizing agents.

Despite advances in the green synthesis of nanomaterials,
studies specifically focused on zinc and copper oxide
nanoparticles synthesized using Passiflora ligularis shell
remain scarce. This contrasts with the broader body of
research involving other Passiflora species or the synthesis of
metallic and bimetallic nanoparticles. This gap is particularly
noteworthy given that ZnO, CuO, and mixed Zn-Cu oxides
exhibit complementary electronic properties and synergistic
functionalities that are highly relevant for applications in
catalysis, environmental remediation, and antimicrobial
activity, areas where green synthesis offers added value,
especially in resource-limited contexts [8], [9], [11]-[13].

Zinc oxide at the nanoscale is a semiconductor with a
hexagonal wurtzite crystal structure and high physicochemical
stability, attributes that account for its widespread use in
chemical and gas sensors, biosensors, optoelectronic devices,
and drug delivery systems [14]. Copper oxide, by contrast,
crystallizes in the monoclinic tenorite structure. Functionally,
CuO nanoparticles exhibit pronounced antimicrobial and
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antifungal activity, primarily due to their ability to generate
reactive oxygen species. Additionally, they are gaining
attention as nanoagrochemicals (e.g., nanofertilizers and
nanopesticides) and as nanopriming agents for seed
enhancement and improved stress tolerance [15].

Recent studies indicate that combining ZnO and CuO in
the form of nanocomposites or mixed oxides leads to
synergistic effects, owing to favorable band alignment,
enhanced charge separation and transfer, and greater structural
stability. These features significantly improve their
photocatalytic, antimicrobial, and sensing performance [16].
In this context, the synthesis of ZnO and CuO nanoparticles,
as well as mixed Zn-Cu oxide nanoparticles, using granadilla
shell extract is of particular interest. Furthermore, it is
necessary to characterize the synthesized materials to evaluate
their properties.

This study valorizes Passiflora ligularis shell through an
eco-friendly coprecipitation method, in which the shell extract
acts simultaneously as a complexing and capping agent to
synthesize ZnO, CuO, and Zn-Cu mixed oxide nanoparticles.
Structural, chemical, and morphological characterizations
were carried out to assess the properties of the synthesized
nanomaterials. The work presents a reproducible green
synthesis protocol and underscores the potential of granadilla
shells as a sustainable and value-added resource.

II. METHODOLOGY

A. Green Synthesis of Nanoparticles

Zn0O, CuO, and Zn-Cu mixed oxide nanoparticles were
synthesized via a green coprecipitation method using a
hydroalcoholic extract derived from Passiflora ligularis shells
as a reducing and capping agent. Fig. 1 summarizes the
procedure followed for the synthesis of the nanoparticles. The
first stage involves the selection, washing, drying, and
grinding of the granadilla shells. After selecting the peels, the
albedo was removed, and the shells were washed with distilled
water. They were then air-dried for two days. Once dried, the
shells were ground using a knife mill to obtain a fine and
homogeneous powder.

To prepare the extract, 10 g of Passiflora ligularis shell
powder was macerated in 100 mL of 90% ethanol. The
mixture was first subjected to ultrasound-assisted extraction at
70 °C for 60 minutes. It was then filtered, concentrated by
evaporation to a final volume of 50 mL, left to stand for 24
hours to allow decantation, and finally filtered again to obtain
the working extract.

For each oxide, the corresponding nitrate precursor was
used: Zn(NO3), 6H>0 for ZnO, Cu(NO3),-3H,0 for CuO, and
a combination of both for the mixed oxide. These salts were
dissolved in deionized water and stirred magnetically at
200 rpm while being heated to 80 °C for 25 minutes. In the
case of the mixed oxide, the two metal salt solutions were first
pre-homogenized at room temperature (200 rpm, 5 min), and
then the combined solution was heated and stirred under the
same conditions to promote ionic interaction.

The granadilla shell extract was added dropwise using a
burette to the heated salt solution(s), followed by the addition
of 2M sodium hydroxide (NaOH), which was initially added
dropwise and subsequently added continuously. The reaction
mixture was then left undisturbed for 1 hour. The final pH
typically ranged between 10 and 11. The volumetric ratio of
deionized water, hydroalcoholic extract, and NaOH was 1:1:1.
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Fig. 1 Nanoparticle synthesis procedure using P. ligularis shell extract.
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The resulting colloidal suspensions were allowed to cool,
after which the supernatant was removed and the solid phase
was collected by centrifugation at 4000 rpm for 10 minutes.
The recovered solids were washed four times using 96%
ethanol and deionized water, each time followed by vortexing
and centrifugation at 4000 rpm for 5 minutes. Finally, the
purified solids were resuspended in a small aliquot of ethanol,
homogenized, and oven-dried at 60 °C for 24 hours to obtain
the nanoparticle powders.

B.  Characterization of Synthesized Nanoparticles

The crystal structure, morphology, size, and aggregation
state of the nanoparticles were analyzed using a Thermo
Scientific Talos F200i Transmission Electron Microscope
(TEM), equipped with a field emission gun (FEG) and
operated at an accelerating voltage of 200 kV. The samples
were prepared using an alcohol-based solution to disperse the
nanoparticles. Ultrasonic bath treatment was applied to
achieve a uniform distribution. A microdroplet of the resulting
dispersion was then deposited onto a copper grid for
observation. Selected Area Electron Diffraction (SAED) was
performed to identify the crystalline phases of the
nanoparticles. Phase identification was carried out by
comparing the ratios of the radii of the observed diffraction
rings with the corresponding ratios of interplanar spacings
(dwa) obtained from crystallographic data in the Powder
Diffraction File (PDF-2) database. The acquired micrographs
were processed using DigitalMicrograph software, and more
than 300 nanoparticles per sample were measured to evaluate
the particle size distribution and determine the average particle
size. The resulting size distributions were fitted to a log-
normal function, and the mean particle size values were
calculated and reported together with their corresponding
standard deviations.

Elemental chemical analysis was carried out using Energy
Dispersive Spectroscopy (EDS) on a Thermo Scientific Scios
2 DualBeam Scanning Electron Microscope (SEM). EDS
measurements were performed on selected areas using the
UltraDry detector.

The structural and chemical composition of the samples
was analyzed by Fourier transform infrared spectroscopy
(FTIR) using a Nicolet iN10 infrared microscope. Both
reflection and ATR modes were employed, utilizing an MCT-
B detector. The spectra were recorded in the range of 4000 to
600 cm’!.

III. RESULTS AND DISCUSSIONS

A. Validation of the Green Synthesis and Yield

The validation of the synthesis process was based on
reproducible macroscopic indicators, such as solution color
changes upon basification and the formation of stable
precipitates, as well as on the quantitative yields obtained
under identical mixing, temperature, and pH conditions. Fig. 2
shows the reaction mixtures for the synthesis of the three
metal oxides, both before and after the addition of the extract

and NaOH, where distinct color changes and precipitate
formation can be observed. The final colors obtained are
attributed to both the formation of nanoparticles and the
presence of bioactive compounds from the phytochemical
solution. For instance, in the case of zinc oxide, a precipitate
was obtained which, after washing and drying, exhibited a
light brown color, distinct from the typical white of pure ZnO
[17], indicating that compounds from the P. ligularis shell
extract remained associated with the nanoparticles, likely
acting as an organic coating.

The yield from the initial syntheses, aimed at producing
200 mg of oxide, exceeded 72%. However, when scaling up
the synthesis to produce 2 g of nanoparticles, yields greater
than 90% were achieved. The observed losses are mainly
attributed to material loss during washing and centrifugation
cycles, and during nanoparticle recovery after drying. These
losses are more pronounced when working with small
quantities.

Furthermore, using the extract prepared from 10 g of P.
ligularis shell powder, three separate syntheses yielding
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Fig. 2 Reaction mixture for the synthesis of (a) ZnO, (b) CuO, and (c)
Zn-Cu mixed oxide nanoparticles, before and after adding the extract and
NaOH.
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approximately 2 g of nanoparticles each were successfully
performed, demonstrating an extract productivity of ~6 g of
nanoparticles per 10 g of shell powder, or equivalently, ~0.6 g
of nanoparticles per gram of dry shell.

The Process Mass Intensity (PMI) was estimated to be
approximately 30 g/g. The total mass considered in the PMI
calculation included all reagents, solvents, and water used
during the synthesis, but excluded the water employed
exclusively for washing and cleaning operations. The resulting
PMI value indicates a moderate level of material efficiency for
the synthesis. Although this value is higher than those reported
for optimized green processes (PMI < 10) [18], [19], it
remains significantly lower than typical values observed in
conventional nanoparticle synthesis routes [20]. Furthermore,
the exclusive use of renewable biomass and benign solvents
supports the classification of the process as a green synthesis
pathway, with substantial potential for further optimization
through solvent recovery and yield improvement.

Overall, these results confirm that the synthesis route
illustrated in Fig. 1 is both reproducible and scalable,
underscoring the value of P. ligularis shells as a recoverable
biowaste suitable for the eco-friendly production of metal
oxide nanoparticles.

B. Crystalline Structure of the Synthesized Nanoparticles

The electron diffraction patterns of the ZnO and CuO
samples are shown in Fig. 3. The presence of poorly defined
diffraction rings indicates low crystallinity, suggesting that
both oxides may consist of very small nanoparticles. In such
particles, structural disorder at the surface likely dominates
over the order within the small crystalline domains. These
results are consistent with previous studies reporting that
nanoparticles synthesized at low temperatures are typically
very small and either amorphous or poorly crystalline [21].
Thermal treatments at higher temperatures are often required
to improve crystallinity, although this generally leads to an
increase in particle size [22], [23].

The observed rings were indexed, as shown in Fig. 3, and
were found to correspond to the main diffraction maxima of
the hexagonal wurtzite structure (space group P63mc) for ZnO
and the monoclinic tenorite structure (space group C2/c) for
CuO, in agreement with the PDF-2 data sheets #36-1451 and
#48-1548, respectively. Although phase confirmation was not
performed using a more comprehensive crystallographic
technique such as X-ray diffraction (XRD), the indexed SAED
patterns closely matched the characteristic reflections of both
ZnO and CuO phases, providing a reliable structural
identification at the nanoscale. Future work will incorporate
XRD measurements to more precisely assess the crystallinity
and phase purity of the synthesized nanoparticles.

C. Morphology, Size, and Aggregation of the Synthesized
Nanoparticles

Fig. 4 presents TEM micrographs of the three synthesized
oxides. Two of the samples (ZnO and the Zn-Cu mixed oxide)

Fig. 3 Electron diffraction patterns of the synthesized nanoparticles of
(a) ZnO and (b) CuO.

exhibit predominantly irregularly shaped nanoparticles,
whereas the CuO nanoparticles display an approximately
spherical morphology. In all three nanomaterials, the particles
appear densely packed, with a particularly high degree of
aggregation observed in ZnO and the Zn-Cu mixed oxide.
This pronounced aggregation is likely driven by van der Waals
interactions [24]. As reported in the literature, nanoscale
particles inherently exhibit a strong tendency to aggregate, a
phenomenon further promoted during the drying step required
to obtain the nanoparticle powders [25]. To mitigate
nanoparticle agglomeration, future optimization of the
synthesis could focus on pH control and improving colloidal
stability.
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The micrographs also suggest that these aggregates are
embedded within or coated by an additional layer, similar to
the nanoaggregates reported in previous studies [26]; this
coating likely corresponds to an organic matrix derived from
the P. ligularis shell extract. The presence of this organic layer
is expected to enhance the stability of the nanoparticles when
dispersed as a colloidal suspension by introducing steric and
electrostatic repulsion forces [27], [28]. Moreover, its surface
functional groups could further improve the adsorption
capacity and catalytic performance of the nanomaterials in
environmental remediation or antimicrobial applications.

Particle size distributions for the three oxide samples are
shown in Fig. 5. The results indicate that the nanocomposites
consist of particles ranging from 1 to 11 nm in diameter,
following log-normal distributions, with mean sizes of
approximately 5 nm for ZnO and around 3 nm for both CuO
and the Zn-Cu mixed oxide. These findings confirm the
formation of ultrasmall nanoparticles, consistent with the low
crystallinity inferred from the SAED analysis, and are in good
agreement with previous reports of similarly sized particles
produced via green synthesis routes [29], [30].

The particle size distributions exhibited low standard
deviations (¢ = 0.28, 0.34, and 0.22), indicating narrow size
distributions and effective control over nucleation and growth
during the green synthesis process. Such low dispersion values
demonstrate a high degree of size uniformity among the
nanoparticles. Moreover, since all ¢ values are below 0.4, the
samples can be classified as quasi-monodisperse, a
characteristic that is desirable for applications in which size-
dependent properties are critical.

The ultrasmall dimensions of the nanoparticles suggest a
high specific surface area, potentially exceeding 80 m?g, as
reported for ultrasmall ZnO nanoparticles [31]. However, the
pronounced aggregation observed may reduce the accessible
surface area, with reported values in similar systems falling
below 50 m?/g due to agglomeration effects [32]. Future work
will include Brunauer—-Emmett-Teller (BET) surface area
measurements to quantitatively evaluate this parameter and
establish its relationship with nanoparticle aggregation.

D. Elemental and Functional Group Composition of the
Synthesized Nanoparticles

SEM images of the three synthesized oxides are shown in
Fig. 6, with the regions selected for elemental analysis
indicated. In all three samples, area #1 corresponds to large
aggregates of nanocomposite particles, area #2 to smaller
aggregates, and area #3 (darker regions) to the material
coating the nanoparticles.

The results of the EDS analysis for these three regions in
each sample are presented in Table I. In addition to the
expected elements (oxygen, zinc, and copper) other elements
such as carbon (C), magnesium (Mg), phosphorus (P),
potassium (K), and calcium (Ca) were also detected. These
elements originate from the chemical composition of the
Passiflora ligularis shell extract, which forms the organic
material coating the nanoparticles. After oxygen, carbon was

the most abundant element, indicating a significant presence
of organic matter in the nanocomposites.

Fig. 4 TEM images of the synthesized nanoparticles: (a) ZnO, (b) CuO,
(¢) Zn-Cu mixed oxide. All scale bars correspond to 20 nm.
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The analysis of area #3 confirms that the coating material
is indeed an organic compound derived from the P. ligularis
shell extract, consistent with the findings from the TEM
analysis. In the case of the mixed Zn-Cu oxide, the ratio of the
atomic percentages of Cu to Zn is approximately 3:1,
suggesting a stoichiometry that can be represented by the
formula Zng 25Cuq.750.

35 T T T T T T T T T

304
<D>=474 nm

=028
254

204

Counts (%)

1 2 3 4 5 6 7 8 9 10 1

3] ®
<D>=3.00 nm

on 6=0.34

254

20+

Counts (%)

Particle size (nm)

35 T T T T T T T T

304 ©
<D>=2.285nm

=022
254

Counts (%)

1 2 3 4 5 6

Particle size (nm)

Fig. 5 Particle size distributions of the synthesized nanoparticles:
(a) ZnO, (b) CuO, and (¢) Zn-Cu mixed oxide.

The FTIR spectra of ZnO, CuO, and Zn-Cu mixed oxide
nanoparticles synthesized using Passiflora ligularis shell
extract are shown in Fig. 7. These spectra exhibit similar
profiles in the high- and mid-wavenumber regions, reflecting
the presence of phytochemicals from the extract that act as
both reducing and stabilizing agents.

The positions of the absorption bands observed in the
spectra are listed in Table II, along with their corresponding
vibrational assignments. A broad absorption band at
approximately 3380-3430 cm™! is attributed to O-H stretching
vibrations of alcohols, phenols, and adsorbed water molecules,
features commonly associated with surface stabilization in
biogenic metal oxides [12], [13]. Peaks near 2920 and
2850 cm™! correspond to asymmetric and symmetric stretching
vibrations of aliphatic C—H bonds, indicating the presence of
organic residues from the extract.

Fig. 6 SEM micrographs showing the areas selected for EDS analysis of
the synthesized nanoparticles: (a) ZnO, (b) CuO, and (c) Zn-Cu mixed oxide.
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TABLE I
ATOMIC PERCENTAGES OBTAINED BY EDS ANALYSIS OF THE
SYNTHESIZED NANOPARTICLES IN THE AREAS (A) MARKED IN FIG. 6

TABLE IT
FTIR BAND POSITIONS AND VIBRATIONAL ASSIGNMENTS FOR THE
SYNTHESIZED NANOPARTICLES

Atomic percentage (%)
Sample | A
C (6] Mg P K Ca Zn Cu
126486396 | 025 | 099 | 0.07 | 025 | 799 | -
ZnO |2 [31.76]66.03] 006 | 020 | - | 005|192 -
3133336667 - - - - - -
1]3155]6640| 008 | 036 | - |010| - | 151
CuO |2 [3253|6604| - | 013 ] - - - 130
3133336667 - - - - - -
1]14.51]5340| 0.63 | 1.69 | 0.16 | 0.56 | 8.71 | 20.33
Zn-Cu 29.55163.90 | 0.11 | 027 | 0.11 | 0.09 | 141 | 4.56
oxide
3133306663 - - - - - 1007

The absorption band at ~1620-1650 cm™ can be attributed
to overlapping aromatic C=C stretching and C=0O stretching
from amide groups, suggesting the presence of both phenolic
compounds and proteinaceous residues functioning as capping
agents. The band at ~1480 cm™! corresponds to aliphatic C-H
bending, while the signal near 1400 cm™ is associated with
symmetric and asymmetric stretching of carboxylate groups (—
COO"), likely originating from polyphenolic acids. The
absorption band observed around 1280 cm! corresponds to C—
O stretching vibrations in carboxylic acids, phenols, or esters
present in the Passiflora ligularis shell extract. Bands
observed in the 1000-1100 cm™ region are assigned to O-H
bending vibrations, related to molecular water or surface
hydroxyl groups.

Band position (cm™) Vibrational assignment
3380 - 3430 O-H stretching
~2920 C—-H asymmetric stretching
~2850 C-H symmetric stretching
1620 - 1650 C=C / C=O0 stretching
~1480 C—H bending
~1400 COO" symmetric stretching
~1280 C-O stretching
1000 - 1100 O-H bending
800 - 850 Zn—0 / Cu—O stretching
~760 Cu-O stretching

In the low-wavenumber region, distinct metal-oxygen
vibrations were observed for each oxide. For CuO, a band at
approximately 760 cm™ is attributed to Cu-O stretching
vibrations, consistent with the findings of Yasin et al. [13]. For
ZnQO, although Khan et al. [12] reported a Zn—O stretching
band below 500 cm™, a weak feature near 600 cm™ in the
present spectrum can also be attributed to Zn—O vibrations,
which has been documented in other green-synthesized ZnO
nanoparticles [33]. In the Zn—Cu mixed oxide, a broad band
spanning  approximately 800-850 cm™ was observed,
indicating the presence of both Zn—O and Cu-O stretching
modes. This broadening may suggest lattice integration of
Zn*" and Cu?" ions, supporting the formation of a mixed oxide
phase rather than a simple physical mixture.

Transmittance (%)

b . . . . . . . . . . . . . . .
4000 3500 3000 2500

. . . . . . . . . . . . . '
2000 1500 1000 500

Wavenumbers (cm™)
Fig. 7 FTIR spectra of the synthesized ZnO, CuO, and Zn-Cu mixed oxide (Zn-CuO) nanoparticles.
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Although functional validation through photocatalytic
assays was beyond the scope of this study, the ultrasmall
particle size and chemical composition of the synthesized
nanocomposites suggest a high catalytic potential for the
removal of aqueous contaminants. Future work will involve
conducting comparative experiments to rigorously evaluate
their catalytic efficiency in degrading textile dyes from
wastewater.

IV. CONCLUSIONS

A low-temperature green synthesis route using Passiflora
ligularis shell extract enabled the reliable production of ZnO,
CuO, and Zn-Cu mixed oxide nanoparticles with high yields
(>90% at gram scale) and an extract productivity of
approximately 0.6 g of nanoparticles per gram of powdered
shell, supporting both the scalability and circular valorization
of this biowaste. Ultra-small nanoparticles were obtained, with
average sizes of ~5 nm for ZnO and ~3 nm for both CuO and
the Zn-Cu mixed oxide, consistent with the low crystallinity
observed in the nanomaterials. Despite this, the expected
crystal structures (hexagonal wurtzite for ZnO and monoclinic
tenorite for CuO) were confirmed. The nanoparticles exhibited
pronounced aggregation and were coated with an organic layer
derived from the P. ligularis shell extract. For the mixed
oxide, elemental analysis revealed a Cu:Zn atomic ratio of
approximately 3:1 in representative regions, suggesting an
overall composition close to Zng25Cug.750. FTIR spectra of all
powders showed characteristic phytochemical bands, while the
low-wavenumber region revealed metal-oxygen vibrations,
confirming both the presence of an organic coating and the
successful formation of metal oxides.
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