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Abstract

The transition toward more sustainable catalytic processes has driven increasing interest in
waste-derived reducing agents and biomass-based carbon supports. In this study, silver
nanoparticles (Ag NPs) were synthesized via conventional NaBH, reduction or through a
bio-derived route using orange peel extract (OPE) and subsequently employed either as
colloidal catalysts or immobilized on commercial activated carbon (AC) or coconut-derived
carbon (CC). Catalytic activity was evaluated through the reduction of p-nitrophenol
under pseudo-first-order conditions using UV-Vis spectroscopy. OPE-derived Ag NPs
exhibited slightly higher activity than NaBH,-reduced nanoparticles, while immobiliza-
tion on carbon supports generally enhanced reaction rates, with Ag/ACgy showing the
highest kinetic constant. In contrast, CC-based systems displayed lower absolute activ-
ity but improved cost-normalized performance due to the lower cost of the support. A
preliminary cost-performance analysis, based on direct material costs, suggested that cat-
alytic efficiency trends can be significantly altered when economic factors are considered,
highlighting that the most active system does not necessarily correspond to the most cost-
effective one. Stability tests showed progressive deactivation over reuse cycles, mainly
attributed to surface oxidation and/or poisoning phenomena. These results demonstrate
that integrating waste-derived reagents with low-cost supports can provide competitive
catalytic systems, although further optimization is required to improve their long-term
operational robustness.

Keywords: silver nanoparticles; green synthesis; circular economy; heterogeneous catalysis;
water remediation

1. Introduction

Designing catalysts with attention to their environmental footprint has become, since
the early 2010s, a critical research priority. The ideal catalyst must not only perform
well but also minimize the environmental cost of its preparation [1-5]. Within this shift,
the valorization of biomass residues and industrial by-products as functional precursors
for catalyst synthesis has emerged as one of the most promising strategies, as it couples
performance goals with circular economy principles [6]. Waste-derived materials can
intervene at multiple stages of catalyst design as reducing agents, capping agents, surface
modifiers, and solid supports, thus enabling the replacement of synthetic reagents with
renewable resources [7-15].

Surfaces 2026, 9, 53

https://doi.org/10.3390/surfaces9020053


https://crossmark.crossref.org/dialog?doi=10.3390/surfaces9020053&domain=pdf&date_stamp=2026-06-11
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/surfaces
https://www.mdpi.com
https://orcid.org/0009-0004-7134-1117
https://orcid.org/0009-0004-7256-219X
https://orcid.org/0009-0007-7838-711X
https://orcid.org/0000-0001-5446-5186
https://orcid.org/0000-0002-5496-7482
https://doi.org/10.3390/surfaces9020053

Surfaces 2026, 9, 53

2 of 30

These strategies find a natural application in environmental catalysis, where the
primary objective is the development of selective, efficient, and scalable processes for
the remediation of contaminated environmental matrices, including water, soil, and air.
Integrating circular economy principles into the design of environmental catalysts simulta-
neously addresses three key pillars: the toxicity of target pollutants, the sustainability of
the remediation process, and the material sourcing.

Among the reactions employed as benchmarks in this field, the catalytic reduction of
p-nitrophenol (4-NP) to p-aminophenol (4-AP) occupies a central role (Figure 1).
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Figure 1. Reaction scheme for the reduction of p-nitrophenol to p-aminophenol.

p-Nitrophenol (4-NP) is a persistent toxic pollutant generated in the industrial
production of pesticides, synthetic dyes, pharmaceuticals, and petrochemicals and is
frequently detected in industrial wastewater streams [16]. The reaction product, p-
aminophenol, is a valuable intermediate in the synthesis of analgesic and antipyretic
pharmaceuticals, including paracetamol, so the reaction combines environmental remedi-
ation with the recovery of an added-value product [17]. Although the reduction of 4-NP
by sodium borohydride (NaBHy) is thermodynamically favorable (E°4.np/4-ap) = —0.76 V
vs. E°H3os/BH4a—) = —1.33 V), it is kinetically hindered in the absence of a metal catalyst
capable of facilitating electron transfer.

Due to its environmental relevance, the strict need for a metal catalyst, and the added
value of its reduction product, the 4-NP reduction reaction has become a widely adopted
benchmark since the early work of Pradhan et al. [18]. Furthermore, the reaction progress
can be easily monitored by UV-Vis spectroscopy through the decay of the nitropheno-
late band at 400 nm, enabling a direct comparison between different catalytic systems.
Consequently, heterogeneous catalysts have emerged as the preferred choice, owing to
their operational simplicity, recyclability, and comparatively low environmental impact.
A broad range of catalytic systems has been explored, including Pd, Ag, Pt, Cu, and Au
nanoparticles, as well as their composites supported on dendrimers, polymeric matrices,
microgels, silica-based, and carbon-based materials [19-27]. Among these, silver-based
catalysts emerge as particularly promising systems, combining relatively low cost with
favorable catalytic properties and offering a viable, more sustainable alternative to more ex-
pensive noble metals such as Au, Pd, and Pt while maintaining adequate catalytic efficiency
for benchmark reactions such as p-nitrophenol reduction [28,29].

The catalytic behavior of Ag NPs, however, is strongly dependent on their synthetic
route, which governs particle size, morphology, surface chemistry, and colloidal stability.
Conventional chemical syntheses typically rely on NaBHy, hydrazine, or sodium citrate
as reducing agents. While these routes offer reasonable control over particle sizes, they
introduce reagents that are hazardous and/or poorly renewable. This limitation has driven
the development of green synthesis strategies, in which plant extracts, isolated biomolecules,
or microbial systems replace synthetic reductants under milder conditions [7,12,21,30].

Several renewable feedstocks have been successfully explored, from Psidium gua-
java and Ocimum tenuiflorum leaves to isolated polyphenols, curcumin-based systems,
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marine biomass such as Fucus gardneri, and fungal systems including Cylindrocladium flori-
danum [30-43]. These materials contain complex mixtures of phenolic acids, flavonoids,
sugars, and organic acids that can simultaneously reduce Ag* ions and stabilize the re-
sulting nanoparticles. These organic compounds remain adsorbed on the nanoparticle
surface, playing a dual and contrasting role in the subsequent catalytic behavior. On the one
hand, this residual organic layer functions as a capping agent, preventing aggregation and
Ostwald ripening and thus preserving the accessible metallic surface over time [44,45]. On
the other hand, the same coating introduces steric hindrance that can obstruct active sites
and limit substrate diffusion toward the metal surface [46,47]. The net effect on catalytic
activity is therefore not straightforward: it depends on the density, thickness, and chemical
nature of the adsorbed layer, as well as on the reaction conditions and the geometry of
the substrate.

Despite the presence of capping agents, unsupported nanoparticles tend to aggregate
under reaction conditions, thereby reducing their accessible surface area and catalytic activ-
ity. Consequently, a wide range of solid supports has been explored for Ag-based catalysts,
including silica, TiOy, CeOy, Co304, and magnetically recoverable FeOx supports [48-54].
Most of these, however, rely on conventional and/or energy-intensive preparation routes.

In this context, carbon-based materials derived from biomass waste have emerged
as more sustainable alternatives, combining adequate surface area and anchoring capac-
ity with a significantly lower environmental footprint. Among these, biochar, produced
by controlled pyrolysis of biomass residues, has attracted particular attention, and Ag
NPs supported on biochar have shown improved dispersion and enhanced catalytic ac-
tivity compared to unsupported systems. Depending on the precursor feedstock and
pyrolysis conditions, biochar can exhibit porous architectures, high surface areas, and
oxygen-containing surface functionalities capable of anchoring metal nanoparticles and
modulating their electronic environment [55,56]. Silver nanoparticles supported on biochar
or biomass-derived carbons maintain better dispersion and exhibit enhanced catalytic
activity compared to their unsupported counterparts, particularly in 4-NP reduction [57].
Moreover, the use of a biomass-derived support significantly reduces the environmental
footprint of the catalyst, enhancing its overall sustainability profile.

Despite the growing literature on both green nanoparticle synthesis and biomass-
based supports [5,10,12,19,55,58-62], direct and systematic comparisons between catalysts
prepared by conventional chemical reduction and those obtained from plant-assisted routes
on renewable carbon carriers remain scarce. It is still unclear whether the sustainability
benefits associated with green preparation routes are accompanied by meaningful differ-
ences in catalytic performance and, more importantly, how nanoparticle properties and
support characteristics govern these differences.

In this work, Ag nanoparticles (Ag NPs), unsupported and supported on two carbon
matrices, were investigated as catalysts for the reduction of p-nitrophenol. A commercial
activated carbon (AC) was compared with a carbon material derived from coconut biomass
(CC), considered a more sustainable alternative, highlighting the potential of waste-derived
sources for catalytic applications. Two synthesis approaches were explored: conventional
chemical reduction using NaBH,4 and a greener route based on orange peel extract (OPE).
Accounting for nearly half the mass of processed fruit, OPE is rich in polyphenols, pectin,
and soluble sugars [63-66] and has already been employed as a bio-derived reducing
agent for Ag NP synthesis [31,33,34,36-38]. Catalytic performance was assessed through
p-nitrophenol reduction, enabling a systematic investigation of how both the synthesis
route and the support influence catalytic behavior. A preliminary cost-oriented analysis
was also included to evaluate whether the sustainability advantage of the green route
translates into a favorable cost—performance balance.
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2. Materials and Methods
2.1. Chemicals

Silver nitrate (AgNOs3, >99%), sodium borohydride (NaBHj, >98%), p-nitrophenol
(C¢H5NO3, >99%), and sodium hydroxide aqueous solution (standard solution
¢(NaOH) = 0.1 mol/L, reag. Ph. Eur., reag. USP, ready-to-use volumetric solution for titra-
tion, Titripur®) were purchased from Merck (Darmstadt, Germany) and used as received.
Activated charcoal Norit® (granular) was also supplied by Merck. Coconut shell-derived
activated carbon (Clean Carbon24, granular, 0.6-2.36 mm/8-30 mesh) was provided by
Clean Process. Ethanol absolute anhydrous was furnished by Carlo Erba (Milano, Italy).
Liquid nitrogen (N7 > 99.0%) was supplied by Sapio (Monza, Italy). Fresh oranges (Tarocco
variety, Naturama) were purchased from a local supermarket in Milan (Italy).

Before use, the granular carbon supports were mechanically ground into fine powders
and used in powdered form in all subsequent experiments.

All aqueous solutions were prepared using ultrapure water obtained from a Milli-Q®
system (resistivity > 17.5 MQ-cm; TOC < 2 ppb, Merck Millipore, Burlington, MA, USA).

2.2. Preparation of Orange Peel Extract (OPE)

The orange peels were thoroughly washed with distilled water, manually separated
from the pulp, and cut into small pieces. Ca. 60 g of fresh peels was added to 200 mL of
Milli-Q water and heated at 80 °C for 15 min under stirring. Fresh peels were intentionally
used to maintain a simple, low-processing extraction procedure, closer to a waste-derived
approach, and to avoid additional drying treatments that could alter the composition of
bioactive compounds in the biomass. After cooling at room temperature, the obtained
orange peel extract (OPE) was separated from the solid residue by filtration and stored at
4 °C for subsequent use.

Its UV-Vis spectrum (Figure S1la) was described by two bands at ca. 280 and 320 nm
ascribable to benzoyl ring-related systems and the localized transition within the cinnamoyl
ring, respectively. An additional contribution in the region 200-230 nm is related to ester,
carbonyl, carboxyl, and amine functional groups, as reported in the literature [67].

An ATR-FTIR (Attenuated Total Reflectance Fourier Transform InfraRed) spectrum of
the dried OPE extract was collected in the 4000-500 cm ! range using a Jasco FTIR-4600
spectrometer (Jasco, Tokyo, Japan) equipped with an attenuated total reflectance (ATR) ac-
cessory. The ATR-FTIR spectrum (Figure S1b) revealed a broad band in the 3300-3400 cm !
region associated with O-H/N-H stretching vibrations, together with signals around
2920 cm ! related to aliphatic C-H stretching. The bands observed in the 1700-1600 cm !
region can be associated with carbonyl/carboxylate and aromatic contributions, while the
intense absorptions in the 1200-1000 cm ! range are mainly attributable to C-O and C-O-C
stretching vibrations typical of carbohydrate- and pectin-derived structures. These features
are in agreement with literature on orange peel extract [68] and support the presence
of polyphenols, sugars, pectin-related compounds, and other oxygenated biomolecules
commonly reported for orange peel extracts.

2.3. Synthesis of Silver Nanoparticles (Ag NPs)

Pristine Ag NPs were synthesized via reduction of AgNO3 using two different reduc-
ing agents: sodium borohydride (NaBHy) as a conventional chemical reductant and orange
peel extract (OPE) as a waste-derived, bio-based alternative.

For the NaBHj-mediated reduction, 10 mL of an aqueous AgNO3 solution (1 mM) was
magnetically stirred (250 rpm) for 5 min. Then, 30 mL of NaBH,4 aqueous solution (2 mM)
was rapidly added under continuous stirring. The reaction mixture was maintained under
stirring for 15 min in the dark (reaction vessel wrapped in aluminum foil). The immediate
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formation of a brownish colloidal suspension indicated the reduction of Ag* to metallic Ag
NPs. The obtained suspension was labeled as Ag NPspp.

For the OPE-mediated reduction, 5 mL of NaOH 0.1 M was added to 100 mL of
an aqueous AgNOj; solution (1 mM), and the mixture was stirred (250 rpm) for 5 min.
Then, 10 mL of OPE was introduced, and the reaction was carried out under magnetic
stirring (250 rpm) for 15 min in the dark (reaction vessel wrapped in aluminum foil). A
gradual color change to dark brown was observed, indicating the formation of Ag NPs.
The resulting suspension was labeled Ag NPsopE.

The formation of Ag NPs was confirmed by UV-Vis spectroscopy (UV-1800, Shimadzu,
Kyoto, Japan) through the appearance of the characteristic surface plasmon resonance (SPR)
band of metallic silver nanoparticles.

The Ag NP suspensions were used as prepared or suitably diluted for successive
catalytic reduction experiments, without additional purification.

2.4. Preparation of Supported Ag NPs on Carbons

Silver nanoparticles were immobilized onto two activated carbons, namely activated
charcoal Norit® (AC) and coconut shell-derived activated carbon (CC), through two differ-
ent preparation routes to achieve a final silver loading of 0.04 wt.%.

In the first approach, Ag NPs were generated in situ on the carbon by wet impregnation
with AgNOj as a precursor, followed by chemical reduction with NaBHj. In the second
approach, Ag NPs were preformed in an aqueous solution using OPE (as described in
the previous section) and subsequently deposited onto the carbon supports by incipient-
wetness impregnation.

For the NaBHjy-assisted route, 3 g of AC or CC were dispersed in 10 mL of an aqueous
AgNOs; solution (1 mM) under magnetic stirring (250 rpm). Subsequently, 30 mL of an
aqueous NaBHj, solution (2 mM) was added, and the suspension was maintained under
stirring for 15 min in the dark. The resulting solid was recovered by filtration, thoroughly
washed with Milli-Q water, and dried at room temperature. The obtained materials were
labeled Ag/ACpy and Ag/CCgp. The residual silver in the supernatant after separation
of the solid phase was determined by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES), using an «Activa», Jobin Yvon ICP-OES instrument (HORIBA,
Kyoto, Japan). The absence of detectable Ag in the solution suggested that all the silver
precursor introduced was successfully supported on the carbons.

For the OPE-based routes, 3 g of AC or CC was mixed with 10 mL of preformed
Ag NPsopg suspension and stirred for 15 min to promote nanoparticle deposition onto
the carbon surface. The resulting solids were recovered by centrifugation (5000 rpm for
5 min, Centrifuge EBA20 Hettich, Tuttlingen, Germany), thoroughly washed with ethanol,
and dried at room temperature. The obtained materials were labeled Ag/ACopg and
Ag/CCopg. The Ag loading of these samples was estimated from the known amount of
silver introduced during the synthesis.

2.5. Characterization

Textural properties of the carbon supports were investigated by Ny adsorption—desorption
isotherms at —196 °C using an ASAP 2020 instrument (Micromeritics, a part of Malvern
Panalytical, a Spectris company, London, UK). These analyses were performed exclu-
sively on the pristine carbon supports, as the thermal pre-treatment required for Nj
adsorption/desorption measurements could affect the stability of the supported Ag
NPs. Therefore, the reported parameters reflect the intrinsic structural properties of the
carbon matrices.
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Before analysis, the samples (ca. 0.1 g previously dried at 120 °C overnight) were
treated under nitrogen flow at 300 °C for 4 h. The specific surface area was calculated
from the adsorption isotherm in the relative pressure range 0.05 < p/p° < 0.35 using the
three-parameter BET equation, selected to account for both microporous and external
surface contributions in carbon-based materials. The microporosity was estimated by t-plot
analysis, while pore size distributions in the micropore range were additionally evaluated
using the Horvath-Kawazoe (HK) method assuming slit-shaped pores.

DLS measurements were performed using a Zetasizer Ultra (Malvern Panalytical,
Malvern, UK). Ag NP suspensions, previously diluted 1:10, were loaded into disposable mi-
crocuvettes and analyzed at 25 °C in backscattering mode. For the optical properties of Ag
NPs, a refractive index of 0.13 and an imaginary refractive index component (absorbance)
of 4 were used. Each analysis was performed in triplicate to ensure reproducibility.

Morphological and structural analyses of unsupported and supported Ag NPs were
performed through transmission electron microscopy (TEM) using a ZEISS LIBRA 200FE
microscope (ZEISS, Oberkochen, Germany) with a 200 kV FEG source and an in-column
second-generation omega filter. EDS spectra and element maps were collected along with
HAADEF-STEM micrographs. To determine the nanoparticles’ size, digitized TEM images
were processed with Image] 1.54g software, and the data were reported in histograms. In-
terplanar d-spacing values were estimated from lattice fringe measurements obtained from
high-resolution TEM micrographs through FFT-assisted analysis using Image] software.

2.6. Catalytic Reduction of p-Nitrophenol and Stability Tests

The catalytic activity of pristine and supported Ag NPs was evaluated through the
reduction of p-nitrophenol to p-aminophenol in aqueous solution. The reaction was car-
ried out at room temperature in the presence of an excess of NaBH4 and monitored by
UV-Vis spectroscopy.

For pristine Ag NPs, the reaction mixture was prepared directly in a 3 mL quartz
cuvette. In a typical experiment, the p-nitrophenol aqueous solution and the freshly
prepared NaBH,4 aqueous solution were added sequentially to the cuvette, and the reaction
was initiated by injecting the Ag NP suspension into the solution. The total reaction volume
(3 mL) contained 0.1 mM of p-nitrophenol, 15 mM of NaBHy, and 4.0 x 1073 mM of Ag
NPs (molarity reported with respect to Ag atoms). Under these conditions, the molar ratio
between catalyst and p-nitrophenol is about 1:25. Immediately after the addition of the
nanoparticles, UV-Vis spectra were recorded in the 200-700 nm range every 1 min until
completion of the reaction.

The absorbance contribution of Ag NP suspensions at the concentration used during
the catalytic tests (0.004 mM with respect to Ag atoms) was preliminarily evaluated and
found to be very low (ca. 0.008 a.u.) compared to the p-nitrophenol/p-nitrophenolate signal
under the adopted experimental conditions.

For Ag NPs supported on carbons, the catalytic tests were carried out directly in the
3 mL quartz cuvette containing 3.6 mg of catalyst, 0.1 mM of p-nitrophenol, and 15 mM
of NaBHj. The amount of catalyst was selected to ensure a comparable amount of Ag in
the reaction system, based on the measured metal loading. The reaction was initiated by
adding the freshly prepared NaBH4 aqueous solution, after which UV-Vis spectra were
immediately recorded in the 200-700 nm range.

The reaction progress was monitored by following the decrease of the characteristic
absorption band of p-nitrophenolate at ca. 400 nm and the concomitant increase of the
p-aminophenol band at ca. 300 nm. A molar attenuation coefficient of 18,495 M~ !.cm™!
was used to convert absorbance to concentration values. The apparent rate constants (kapp
expressed in min~!) were determined assuming pseudo-first-order kinetics with respect to
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p-nitrophenol by linear fitting of In(A¢/A) versus time, where A is the initial absorbance
at 400 nm, and A; is the absorbance at time t.

A blank experiment was carried out under identical conditions in the absence of Ag
nanoparticles to evaluate the contribution of NaBH, alone.

Catalyst reusability was evaluated over consecutive reaction cycles. In each cycle,
the catalyst was contacted with fresh reaction solution, and the reaction was allowed to
proceed for 5 min. After each run, the catalyst was recovered by centrifugation, separated
from the reaction medium, and re-dispersed in a fresh solution under the same conditions.
The procedure was repeated for a total of six consecutive cycles.

2.7. Adsorption Experiments on Pristine Carbons

Adsorption equilibrium experiments were carried out at room temperature (T = 20 &= 2 °C)
using a batch method. A series of samples was prepared by contacting a fixed volume
(V =30 mL) of p-nitrophenolate aqueous solution (Cy = 0.1 mM, adjusted to pH 10) with
varying amounts of adsorbent (m = 5-500 mg).

The suspensions were agitated for 24 h to ensure equilibrium was reached. After
equilibration, the solid phase was separated by filtration/centrifugation, and the residual 4-
NP concentration (Ce) in the supernatant was determined using UV-vis spectrophotometry.

The amount of adsorbate adsorbed at equilibrium (ge, mg-g~!) and at time t (q,
mg-g 1) was calculated according to

Jet = (CO - Ce,t)'v/m (1)

where Cg (mg-L’l) is the initial concentration, Ce and C; (mg-L’l) are the concentrations
at equilibrium and at time t, respectively; V (L) is the solution volume; and m (g) is the
mass of adsorbent.

Adsorption isotherms were constructed by plotting ge vs. Ce. The resulting data
were analyzed using the Langmuir isotherm model and the Freundlich equation in their
nonlinear form (Equations (2) and (3)).

qmaxKLCe
— 3 2
9de = 7 K. Co ()
qe = KpCL/™ (3)

where gmax (mg-g~!) is the maximum adsorption capacity of the carbon supports, Ce
(mmol-L~1) is the p-nitrophenolate concentration at equilibrium, Ki (L-mmol~!) and K
(LY™.mmol~1/".mg-g~1) are the Langmuir and Freundlich constants, respectively, and
1/nis an empirical parameter accounting for heterogeneous surfaces.

Adsorption kinetic experiments were carried out at room temperature (T =20 £ 2 °C)
directly in a 3 mL quartz cuvette containing 3 mg of carbon support and p-nitrophenolate
aqueous solution (Cp = 0.1 mM, adjusted to pH 10). The adsorption kinetics were monitored
by UV-Vis spectrophotometry following the decrease of the characteristic absorption band
of p-nitrophenolate at ca. 400 nm. To minimize mass-transfer limitations, the reaction
mixture was manually homogenized between successive spectral acquisitions.

Adsorption kinetic profiles were obtained by plotting q; vs. t. The experimental
data were analyzed using the pseudo-first-order (PFO), pseudo-second-order (PSO), and
intraparticle diffusion (IPD) kinetic models, as reported in Equations (4)—(6) respectively.

q = qe(1-e71) (4)
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qekzt
= — 5
R qekot ©)
q; = kiat”® +C (6)

where q; and ge (mg-g~!) are the adsorption capacity of the carbon supports at time t and at
the equilibrium, respectively; k; (min~'), k; (g-mg~!-min~'), and kg (mg-g~'-min=%°) are
the PFO, PSO, and IPD kinetic rate constants, respectively; and C is a constant accounting
for the thickness of the boundary layer.

2.8. Stability Tests

The stability of the supported Ag NPs and the possible leaching of active species were
evaluated by a pre-contact leaching test.

The solid catalyst (3 mg) was first dispersed in 3 mL MilliQQ water and kept under
stirring for 3 h. The suspension was then centrifuged to separate the solid, and an aliquot
of the resulting clear supernatant was collected.

Appropriate volumes of reactant stock solutions were subsequently added to the
filtrate to reproduce standard reaction conditions (0.1 mM p-nitrophenol, 15 mM NaBHy)
in the absence of the solid catalyst.

The reaction progress was monitored over time by UV-vis spectrophotometry by
collecting spectra in the 200-700 nm wavelength range. The absence of any conversion was
taken as evidence of negligible leaching of active species from the supported nanoparticles.
Conversely, any observed conversion indicated the presence of catalytically active species
released into solution.

All experiments were repeated at least three times to ensure reproducibility with
relative standard deviations below 5%. The calculated kg, values were averaged and are
reported as mean =+ standard deviation.

2.9. Cost-Oriented Metrics and Calculation Methodology

A preliminary cost-oriented assessment of the catalyst synthesis procedures was car-
ried out at laboratory scale, focusing on direct material costs associated with the preparation
of both pristine and supported Ag NPs. The evaluation was based on the quantities of
reagents and materials employed in each synthesis procedure.

Unit costs were derived from publicly available supplier list prices and selected
as representative lower-bound values among commercially available laboratory-grade
reagents at comparable purity levels. Where multiple suppliers were available, values were
chosen as representative of the lower range of market prices to ensure a consistent and
unbiased cost framework (Table S1). Sodium hydroxide was considered in pellet form for
cost calculations, and the corresponding final cost was derived from the amount of NaOH
required to prepare the corresponding solution concentration. For OPE-derived samples,
the cost contribution of AgNO3 and NaOH was proportionally based on the fraction of
Ag NPsopg suspension effectively used during the impregnation step. Orange peel extract
(OPE) was considered a waste-derived reagent and therefore not associated with any direct
purchase cost.

Process water (Milli-Q) was included in the description of each synthesis step for
completeness, but it was not monetized in the cost calculation. The adopted system
boundaries and assumptions are summarized in Table S2. It should be noted that the
present analysis is intentionally limited to direct material costs and does not include
operational contributions, such as energy consumption, processing time, labor, or waste
treatment. Therefore, the calculated values are intended for comparative purposes rather
than as absolute economic indicators.
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The cost associated with each catalytic test was estimated by relating the synthesis
cost to the amount of catalyst effectively used in the reaction.
For supported catalysts, the cost per test was calculated according to

h
Costyest = L Mtest ()
where Cyp, is the total synthesis cost, m1y,, is the mass of catalyst obtained in the batch,
and mys; is the mass of catalyst used in a single catalytic run.
For pristine Ag NPs, the cost per test (Equation (8)) was estimated based on the fraction
of the nanoparticle suspension effectively used in the test, according to

M Ag,test

(®)

Costiest = Cpateh -
M Ag,batch

where 714 test is the amount of Ag introduced in the catalytic test, and 1144 pstcr, is the nominal
amount of Ag used in the synthesis batch.

The amount of Ag introduced in each catalytic test was calculated from the nominal
Ag concentration and the total reaction volume, according to the experimental conditions.

For comparative purposes, the synthesis cost of pristine Ag NPs was evaluated by
considering the same volume of Ag precursor solution for both reduction routes. This
approach assumes a homogeneous distribution of Ag within the nanoparticle suspension
at the macroscopic scale.

The figure of merit (FoM) was then defined as a simple comparative indicator to relate
catalytic performance to the associated direct material cost:

k

FoM =
? Costyest

©)
where k is the pseudo-first-order rate constant obtained from kinetic analysis.

3. Results and Discussion
3.1. Physicochemical Properties and Adsorption Features of the Pristine Carbon Supports

The textural properties of the carbon supports were investigated through Nj
adsorption—desorption measurements at —196 °C. The resulting isotherms and corre-
sponding textural properties are presented in Figure 2 and Table 1, respectively.

Both materials exhibit Type I adsorption isotherms according to IUPAC classifica-
tion [69], which are typical of microporous solids. In particular, a steep increase in adsorp-
tion is observed at low relative pressure (p/p" < 0.1), characteristic of highly microporous
carbon structures [69]. At higher relative pressures, a more gradual increase in the ad-
sorbed volume is observed, suggesting an additional contribution from wider pores and
the external surface. In this context, the specific surface area was calculated in the relative
pressure range 0.05 < p/p° < 0.35 using the BET equation, which was selected to account
for both microporous and external surface contributions in these carbon-based materials.

Despite the similarity of the isotherms, some differences in the textural properties of
the two materials can be identified. The commercial activated carbon (AC) shows a slightly
higher adsorption capacity over the whole pressure range, corresponding to a surface area
of ca. 805 m2-g’1, whereas the coconut-derived carbon (CC) exhibits a surface area of ca.
763 m?-g~ 1. These values confirm the highly developed porous structure of both materials,
making them suitable supports for catalytic species.
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Figure 2. N, adsorption—desorption isotherms at —196 °C of the pristine carbon supports (AC red
triangles and CC green circles). Filled symbols denote adsorption data, while open symbols denote
desorption data.

Table 1. Textural properties of the pristine carbon supports.

Surface Area 2 External b Total Porce M1cr0p01[')e Pore Width ¢
Sample (m2.g-1) Surface Area Volume Volume A)
8 (m2-g~1) (cm3®.g~1) (cm3-g~1)
AC 805 371 0.483 0.229 6.71
CC 763 115 0.405 0.333 5.79

2 by BET equation (3-parameters); P obtained by t-plot; ¢ determined at p/p° = 0.995; ¢ computed by the
Horvath-Kawazoe (HK) method assuming slit-shaped pores.

A more detailed analysis of the pore structure (Table 1) highlights additional dif-
ferences between the two carbons. In particular, the coconut-derived carbon displays a
larger micropore volume (0.333 cm3-g~1) compared with the commercial activated car-
bon (0.229 cm3-g~1), indicating a stronger contribution of microporosity in the biomass-
derived material. Conversely, AC shows a significantly higher external surface area
(371 m2-g~1) than the CC (115 m?-g~!), suggesting a larger fraction of wider pores in
the commercial sample.

To better describe the microporous structure, pore size distributions were addition-
ally evaluated using the Horvath-Kawazoe (HK) method, assuming slit-shaped pores
(Figure S2), which is generally considered appropriate for carbon-based materials [70]. The
analysis confirms the predominantly microporous nature of both supports and provides
additional insight into the pore width distribution. In particular, AC exhibits a broader
distribution extending to slightly larger pore widths (6.71 A), whereas CC is mainly char-
acterized by narrower micropores centered at lower pore widths (5.79 A). These findings
are consistent with the literature, as coconut shell-derived activated carbons are generally
reported to exhibit a predominantly microporous structure with narrow pore size distri-
butions [71]. In contrast, several commercial activated carbons, including Norit-based
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materials, often present a more heterogeneous pore system with a significant contribution
of mesoporosity [72].

These differences in pore structure are expected to influence the accessibility of the
catalytic phase and the diffusion of reactants during the reduction reaction.

Adsorption equilibrium isotherms of p-nitrophenol on AC and CC were collected
at 20 °C and pH 10 to reproduce the reaction conditions employed during the catalytic
reduction of p-nitrophenol in the presence of excess NaBHy, providing a more realistic
evaluation of the adsorption behavior of AC and CC under operative conditions (Figure 3).
AC exhibited a significantly higher adsorption capacity (qmax = 93 mg-g~!) than CC
(qmax = 44 mg-g_l), a difference that can be rationalized based on the distinct textural
properties of the two materials (Table 1). Both carbons are predominantly microporous.
Specifically, 4-NP has a molecular diameter of approximately 6.7 A, which is commensurate
with the characteristic pore widths of both materials (Table 1). Additionally, at pH 10, 4-NP
is predominantly present in its anionic form (pK, ~ 7.1), which promotes the formation of
an organized hydration shell and, in many cases, stable ion pairs. As a result, the effective
hydrodynamic radius of the species can exceed its nominal molecular dimensions, increas-
ing the steric demand upon pore entry [73-76]. Accessibility to the internal surface area is
therefore limited by a combination of geometric constraints and partial desolvation effects.
This effect differs markedly between the two sorbents. According to data in Table 1, in CC,
the inaccessible micropore surface accounts for approximately 85% of the total BET surface
area, compared to approximately 54% in AC. This difference in effective pore accessibility
can contribute to the observed disparity in adsorption capacity, highlighting the role of
pore size distribution and surface utilization efficiency as important factors governing
adsorption performance in microporous carbons.

100

e AC
1e CC ®

de (Mg-g™")

(I) I é I ll‘r I 6 8 I 10
C, (mM)

Figure 3. Adsorption isotherms of p-nitrophenolate on carbon supports (T = 20.0 & 0.1 °C). Experi-
mental data were fitted using the Langmuir isotherm model (solid lines) and the Freundlich equation
(dotted lines).

The two materials also differ in the isotherm model that best describes their adsorption
behavior and in the model parameter values (Table 2). For CC, the data were well described
exclusively by the Langmuir model, consistent with a relatively homogeneous set of
adsorption sites, reflecting the predominance of adsorption on the external surface and
within a limited fraction of accessible micropores. Despite its lower adsorption capacity,

https://doi.org/10.3390/surfaces9020053


https://doi.org/10.3390/surfaces9020053

Surfaces 2026, 9, 53

12 of 30

(a)

16

CC exhibited a higher Langmuir affinity constant (K ) than AC, indicating stronger local
interactions between the adsorbate and the available adsorption sites. Similar behavior
has been reported by Terzyk et al. [77,78], who showed that oxygen-containing surface
functionalities and local electronic properties can significantly influence the adsorption
energy of p-nitrophenol on activated carbons. For AC, both the Langmuir and Freundlich
models provided equally satisfactory fits, reflecting a broader distribution of adsorption
energies associated with a more heterogeneous pore network that likely includes wider
micropores and some contribution from mesoporosity.

Table 2. Langmuir and Freundlich isotherm parameters of the adsorption of 4-NP onto the carbon supports.

Sample Langmuir Model Freundlich Model

P qmax (mg-g~1) K (L-mmol~-1) R? n Kr (LY".mmol-n.mg-g~1) R2
AC 90 + 4 14405 098  32+03 45+3 0.987
CcC 46+ 1 38+1.0 0.990 n.d. n.d. n.d.

Comparison with the literature helps to further interpret these results. Kumar et al. [79]
reported Langmuir maximum adsorption capacities for p-nitrophenol in the range of
206-331 mg-g ! for granular activated carbons with BET surface areas of 580-860 m?-g~!,
measured under acidic or near-neutral conditions. The values obtained in the present
work are lower, particularly for CC, but this is expected given the alkaline pH adopted
here. At pH 10, both p-nitrophenol and the carbon surface, typically negatively charged
above its point of zero charge, experience electrostatic repulsion, thereby reducing the
overall adsorption capacity compared to acidic conditions, where p-nitrophenol remains
undissociated. Nevertheless, the residual capacity of 45-94 mg-g~! observed here is con-
sistent with previous studies demonstrating that non-electrostatic interactions, including
mi—t dispersive forces and donor—acceptor mechanisms, can still promote significant 4-NP
adsorption even in its anionic form.

To gain deeper insight into the adsorption behavior, the adsorption kinetics of p-
nitrophenol at pH 10 onto AC and CC were investigated. The kinetic profiles are reported
in Figure 4 and were analyzed using different adsorption kinetic models. The adsorption
capacity as a function of time (q¢) for both carbon supports is shown in Figure 4a, while the
kinetic parameters obtained from the nonlinear fitting of the pseudo-first-order (PFO) and
pseudo-second-order (PSO) models are summarized in Table 3.

a(mg:g™")

s AC

e CC| 4] cossette
Lag . / o

§7_§ 7—? ] /’
¥ ? = 10 4
L 4 Ip) ] >
o 9
E
o 8 -
b |
.“. 7 -
ff |
{ .
] 4
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Figure 4. Adsorption kinetics of p-nitrophenolate on AC and CC. (a) Time evolution of the adsorption
capacity (qt), with experimental data fitted using pseudo-first-order (PFO, solid line) and pseudo-
second-order (PSO, dashed line) models. (b) Intraparticle diffusion (IPD) plots.
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Table 3. Kinetic parameters derived from pseudo-first-order (PFO) and pseudo-second-order (PSO)
models for p-nitrophenolate adsorption on the carbon supports.

PFO PSO
Sample
qe (mg-g™1) kg (min—1) R? qe (mg-g=1) k2 (gmg~1-min-1)  R2?
AC 119+£0.1 0.84 £ 0.07 0.967 12.72 £ 0.05 0.115 £+ 0.005 0.998
CcC 11.0 £ 0.1 0.54 +0.04 0.974 12.20 £+ 0.07 0.066 + 0.003 0.998

Among the investigated models, the PSO equation provided the best fit for both
materials; therefore, the following discussion is based on the corresponding PSO kinetic
parameters. The obtained kinetic constants reveal significant differences in the adsorption
behavior of the two carbons. In particular, the coconut shell-derived carbon (CC) exhibited
slower adsorption kinetics (ko = 0.066 g'-mg~!-min~!) compared to the commercial acti-
vated carbon (AC). This behavior can be reasonably associated with the distinct textural
properties of the two supports. As discussed in the previous section, CC is characterized by
a higher degree of microporosity and a significantly lower external surface area, whereas
AC possesses a larger mesoporous contribution. The predominance of narrow micropores
in CC likely limits the accessibility and diffusion of p-nitrophenolate species within the
porous network, leading to slower mass transfer and, consequently, lower adsorption
rates. Conversely, the wider pore structure and larger external surface area of AC facil-
itate the transport of reactant molecules toward the adsorption sites, resulting in faster
adsorption kinetics.

Since adsorption in porous carbons generally involves multiple mass transfer steps,
including external diffusion, intraparticle diffusion, and adsorption onto active sites, the
kinetic data were further analyzed using the intraparticle diffusion (IPD) model (Figure 4b).
The IPD plots reveal three distinct linear regions, corresponding to progressively slower
uptake rates. This sequential behavior is consistent with diffusion through a hierarchical
pore network: rapid transport through macropores, followed by slower diffusion into
mesopores, and finally rate-limiting penetration into micropores. The linear dependence
of q¢ on % throughout all stages suggests that adsorption is significantly influenced by
intraparticle diffusion phenomena rather than being exclusively controlled by surface
reaction. However, the deviation of the fitted lines from the origin indicates that intraparti-
cle diffusion is not the sole rate-determining step, and the overall adsorption process is
governed by the combined contribution of different phenomena. Comparable trends were
also reported by Kumar et al. for the adsorption of p-nitrophenol on activated carbons [79].

3.2. Silver Nanoparticles Prepared via Chemical or Bio-Derived Reduction Routes and Their
Catalytic Performance

Ag NPs were synthesized via chemical reduction of AgNO3 using two distinct reduc-
ing agents: conventional NaBH, (Ag NPsgpy) and waste-derived orange peel extract (Ag
NPsopg). Orange peel extract can be used as both a reducing agent and a stabilizer of the
colloidal particles formed, and it has been demonstrated to exert a drastic effect on the size
and size distribution of nanoparticles prepared under constant conditions.

Upon reduction of Ag* ions, both systems exhibited the characteristic color change
associated with Ag nanoparticle formation. In the NaBHy-based system, a clear color
change from colorless to yellow—brown was observed. Conversely, in the presence of
the orange peel extract, the initially colored solution underwent a progressive darkening,
consistent with nanoparticle formation despite the inherent color of the extract.

UV-vis spectrophotometric analysis was used to confirm the formation of Ag NPs
(Figure 5). As reported in the literature, small spherical silver nanoparticles give a surface
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plasmon resonance (SPR) band in the 350-500 nm range with a peak position around
410 nm [80,81].
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Figure 5. UV-Vis spectra of Ag NPs synthesized using (a) NaBH4 aqueous solution and (b) orange
peel extract as reducing agents.

The spectrum of Ag nanoparticles prepared using NaBHj, as a reducing agent displays
anarrow SPR peak centered at 388 nm, suggesting a predominant population with uniform
particle size distribution. The presence of a tail at longer wavelengths points to a minor
population of larger particles or the presence of anisotropic nanostructures. In contrast,
the Ag nanoparticles synthesized using orange peel extract exhibit a broadened surface
plasmon resonance (SPR) band centered at 374 nm, indicative of smaller particle sizes but
increased polydispersity, likely arising from the complex and heterogeneous nature of the
biomolecular capping agents [32].

The hydrodynamic sizes and polydispersity index (PDI) of the silver nanoparticles
were obtained from the DLS measurements. The diameters of both Ag NPsopg and Ag
NPspy varied from 10 to 100 nm, with an average value centered at 88 nm for Ag NPsopg
and 59 nm for Ag NPsg. The relatively low PDI of 0.34 indicates good dispersion of the
particles. It should be noted that DLS provides the hydrodynamic diameter of the particles,
which includes the contribution of the surrounding solvation layer and possible organic
capping agents. Therefore, the larger average size observed for Ag NPsopg compared
to Ag NPsgy can be attributed to the presence of biomolecular species from the extract
adsorbed on the nanoparticle surface. This is consistent with the UV-Vis analysis, which
reflects the metallic core size and suggests the formation of smaller primary particles in the
OPE-based system.

Transmission electron microscopy (TEM) was employed to investigate the size, shape,
and morphology of the synthesized Ag NPs in greater detail. TEM images (Figure 6)
confirmed that both synthesis routes produced predominantly spherical Ag NPs. As
already suggested by the DLS results, a systematic difference between hydrodynamic
and projected particle diameters was observed. Image analysis of the TEM micrographs,
reported as histograms in Figure 6d,h, gave average diameters of 50.8 &+ 13.6 nm for Ag
NPspy and 34.7 £ 9.1 nm for Ag NPsopg, both significantly smaller than the corresponding
hydrodynamic diameters measured by DLS (59 and 88 nm, respectively).
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Figure 6. TEM characterization of Ag NPs synthesized using NaBH4 (Ag NPspyy) and orange peel extract (Ag NPsopg): (a) TEM micrograph of Ag NPspyy with inset
showing a lower magnification image; (b) SAED pattern of Ag NPspy indexed to the face-centered cubic (fcc) structure of metallic silver; (c¢) EDS spectrum of Ag
NPsgyy; (d) particle size distribution histogram of Ag NPspyy obtained from TEM image analysis; (e) HRTEM micrograph of Ag NPsopg with inset showing a lower
magnification image; (f) schematic representation of Ag NPsopg highlighting the presence of an organic capping layer derived from orange peel extract; (g) EDS
spectrum of Ag NPsopg; (h) particle size distribution histogram of Ag NPsgpg obtained from TEM image analysis.
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This discrepancy was particularly evident for Ag NPsopg and supports the interpre-
tation that the larger hydrodynamic diameter does not arise from a larger metallic core
but rather from the presence of an organic layer adsorbed on the nanoparticle surface. In
agreement with this hypothesis, Ag NPsopg showed both a smaller average size and a
narrower size distribution (o = 9.1 nm) compared to Ag NPspy (0 = 13.6 nm), suggesting
a more controlled nucleation and growth process promoted by biomolecules present in
the extract, which likely acted as stabilizing agents. Accordingly, the broader SPR band
observed for Ag NPsopg is likely influenced not only by particle size distribution effects but
also by the presence of the organic capping layer and local dielectric variations surrounding
the metallic core.

High-resolution TEM images revealed multiply twinned structures in both samples, a
feature commonly observed in face-centered cubic noble metal nanoparticles formed under
kinetically controlled growth conditions. In the case of Ag NPsopg, HRTEM micrographs
also showed a thin organic shell surrounding the nanoparticles, directly confirming the
presence of a capping layer inferred from DLS analysis (Figure 6e). This organic coating
likely contributes to steric stabilization, limiting particle coalescence and growth.

EDS analysis (Figure 6¢,g) confirmed that both samples consisted predominantly
of silver, while the carbon signal detected in Ag NPsopr was consistent with residual
organic species derived from the extract. Selected-area electron diffraction (SAED) patterns
(Figure 6b) displayed diffraction rings attributable to the face-centered cubic (fcc) structure
of metallic silver. The calculated d-spacing values for the (111), (200), (220), and (311)
planes were 0.236, 0.204, 0.144, and 0.122 nm, respectively, in agreement with reference
data for fcc silver (JCPDS card 04-0783). The combined EDS and SAED results confirm that
silver was present in the zerovalent metallic state (Ag’) in nanoparticles obtained from
both synthetic approaches.

The catalytic activity of Ag nanoparticles was then assessed using the reduction of
p-nitrophenol (4-NP) to its corresponding amino derivative, p-aminophenol (4-AP), in
the presence of an excess of sodium borohydride (NaBH4) as a model reaction. This
reaction is particularly convenient to monitor, as it produces a single product and both the
reactant and the product can be detected by UV-vis spectroscopy. In alkaline conditions, p-
nitrophenolate shows a characteristic absorption maximum at 400 nm, while p-aminophenol
exhibits a band around 300 nm. The progress of the reaction can therefore be followed by
tracking the changes in absorbance at these wavelengths.

Initially, the p-nitrophenol aqueous solution exhibited an absorption band at 317 nm
and a light-yellow coloration. Upon addition of a freshly prepared NaBH, aqueous solution,
the absorption maximum shifted from 317 nm to 400 nm, consistent with the formation of
the p-nitrophenolate ion in alkaline conditions (pH =~ 10, Figure S3). This transition was
accompanied by a visible change in the solution color from pale to bright yellow. In the
absence of a catalyst, no changes in the absorption maximum were observed over time (up
to 1 h), indicating that NaBH,4 does not promote the reduction, even in large excess without
an appropriate catalyst (Figure S4). In contrast, when silver-based catalysts were introduced
(Figure 7a), a progressive decrease of the 400 nm band was observed. Simultaneously, new
absorption peaks appeared at 298 nm and 231 nm, the former attributable to the formation
of p-aminophenol. In contrast, the band at 231 nm arises from general aromatic 7—7t*
transitions and is not specific to the product, although in the literature, this peak is often
incorrectly attributed exclusively to p-aminophenol. After approximately 15 min, the
solution color gradually faded, becoming colorless and transparent (Figure 7b). At the
same time, the marked reduction of the 400 nm peak and the increase of the 298 nm band
clearly indicated the completion of the reaction.
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Figure 7. Successive UV-Vis absorption spectra of the reduction of 4-NP by NaBHj, in the pres-
ence of Ag NPspyy; the color gradient from blue to yellow represents the progression of the reac-
tion with increasing time, where blue corresponds to the initial spectrum and yellow to the final
spectrum. (a). Pictures of the reduction of 4-NP by NaBH, before and after being catalyzed by Ag
NPsgy (b). Profile of C against the reaction time (c). Profile of In(A¢/Ag) against the reaction time (d).

These results confirm that both Ag NPsopg and Ag NPsgyy are effective catalysts for
the reduction process. Notably, the concentration—time profile for Ag NPsgpg exhibits a
steeper decline than that of Ag NPsgyy, indicating a more rapid consumption of the reactant
(Figure 7c). Since NaBHy is present in large excess, its concentration can be considered
constant during the reaction period; thus, the reduction can be treated as a pseudo-first-
order reaction with respect to p-nitrophenol. Accordingly, the reaction kinetics can be
described by the equation In(C¢/Cg) = —kappt, where kapp, is the apparent first-order rate
constant (min1), t is the reaction time, and C; and C are the concentrations of 4-NP at
time t and t = 0, respectively. Given that the concentration of 4-NP is directly proportional
to its absorbance, the equation can be rewritten as In(A¢/Ag) = —kappt, where Ay is the
initial absorbance at 400 nm, and A; is the absorbance at time ¢. Figure 7d shows a linear
relationship between In(A;/Ap) and time, confirming pseudo-first-order kinetics for the
reduction catalyzed by Ag NPsopg and Ag NPsgpy. As expected, the apparent rate constant,
determined directly from the slope of the linear fit, was 0.16 min~! for Ag NPsopg, which
is slightly higher than that observed for Ag NPsgy (0.12 min~!).

Although the particle sizes of Ag NPspy and Ag NPsgpg are relatively comparable, the
enhanced catalytic activity observed for Ag NPsopg can likely be associated with the distinct
structural and surface features evidenced by TEM, DLS, and HRTEM analyses. In particular,
TEM analysis revealed a smaller average metallic core size and a narrower size distribution
for Ag NPsppg, while DLS measurements indicated the presence of a significantly larger
hydrodynamic diameter, consistent with the formation of an organic capping layer derived
from the orange peel extract. As evidenced by the HRTEM micrographs, this organic shell
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likely contributes to steric stabilization, limiting nanoparticle aggregation and preserving
a higher fraction of accessible active surface during the catalytic process. Moreover, the
smaller average particle size observed for Ag NPsopg is expected to provide a larger
exposed metallic surface area, which may additionally contribute to the slightly enhanced
catalytic activity. In addition, the presence of oxygenated biomolecules surrounding the
nanoparticles may also favor interfacial interactions with p-nitrophenolate species and
facilitate electron transfer at the nanoparticle surface.

3.3. Supported Silver Nanoparticles and Their Catalytic Performance

Ag nanoparticles prepared by reduction using sodium borohydride (NaBHy) or orange
peel extract (OPE) were subsequently supported on two different carbon supports, specif-
ically, a commercial activated carbon (AC) and a carbon material derived from coconut
biomass (CC).

TEM analysis was performed on the Ag nanoparticles supported on the coconut
biomass-derived carbon (CC).

Low-magnification TEM micrographs (Figure 8a,d) show extended carbon flakes dec-
orated with darker Ag domains, confirming the successful immobilization of the nanoparti-
cles onto the CC support. Higher-magnification images (Figure 8b,e) indicate that the Ag
nanoparticles are moderately dispersed on the CC surface, despite the presence of partially
aggregated domains. Image analysis yielded average particle sizes of 49.1 & 14.3 nm for
Ag/CCpp and 31.2 £ 8.2 nm for Ag/CCopg, (Figure S5). These values are remarkably close
to those measured for the corresponding unsupported nanoparticles (50.8 £ 13.6 nm for
Ag NPspp and 34.7 & 9.1 nm for Ag NPsopg), indicating that the immobilization procedure
does not significantly affect nanoparticle dimensions or induce relevant particle growth.

HRTEM images (Figure 8c,f) further confirm the maintenance of nearly spherical
morphology of Ag nanoparticles on the CC support. Moreover, the nanoparticles supported
through the OPE-assisted route appear generally more homogeneous and less aggregated
than those obtained via NaBH, reduction, in agreement with the narrower particle size
distribution previously observed for unsupported Ag NPsopg. An additional noteworthy
aspect concerns the Ag/CCgpg sample. Unlike the unsupported Ag NPsopg, no evident
amorphous organic layer attributable to OPE species can be detected around the supported
nanoparticles in Ag/CCopg. This observation suggests that the immobilization onto the
CC support, possibly combined with the washing step, promotes the effective removal or
drastic reduction of residual OPE-derived organic species from the nanoparticle surface.
This behavior may also contribute to improving the accessibility of the metallic surface
sites during catalysis while preserving the smaller particle dimensions generated during
the OPE-assisted synthesis.

EDS analysis (Figure S5) confirms the coexistence of Ag and C as the predominant
elements in both CC-supported materials.

In general, the TEM characterization indicates that the support immobilization process
preserves the main structural features of the unsupported nanoparticles while simultane-
ously favoring nanoparticle dispersion and limiting excessive particle growth.

The catalytic activities of supported Ag NPs were evaluated under identical reaction
conditions, including pH, temperature, and fixed concentrations of 4-NP and NaBHj. To
ensure comparability with unsupported nanoparticles, the catalyst dosage was adjusted
based on silver loading to maintain an equivalent total Ag content. In these cases, the con-
centration of 4-NP also decreases exponentially over time, and the plots of In(A¢/Ag) versus
time show excellent linear correlation, confirming first-order reaction kinetics (Figure 9).
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Figure 8. TEM characterization of Ag nanoparticles supported on coconut biomass-derived carbon (CC). Low-magnification micrographs of Ag/CCpy (a) and
Ag/CCopg (d) showing carbon flakes decorated with Ag nanoparticles. Higher-magnification images of Ag/CCgyy (b) and Ag/CCopg (e) highlighting the dispersion
and partial aggregation of the nanoparticles on the CC surface. HRTEM images of a representative Ag/CCgp (c) and Ag/CCopg, (f) nanoparticle, showing the
surface structural features and the degree of local crystallinity of the Ag phase.
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Figure 9. Concentration profiles of p-nitrophenol as a function of reaction time (a) and corresponding
pseudo-first-order linearization plots of In(At/Ag) versus reaction time (b) for the catalytic reduction
of p-nitrophenol in the presence of excess NaBHy. C; denotes the p-nitrophenol concentration at time
t, and At and A are the UV-Vis absorbance values recorded at 400 nm at time t and at the onset of
the reaction, respectively. Results are shown for Ag nanoparticle catalysts supported on activated
carbon AC and coconut-shell-derived carbon CC, synthesized via chemical reduction with sodium
borohydride (Ag/ACgy and Ag/CCpy) or green reduction using orange peel extract (Ag/ACopg
and Ag/CCopg).

The following trend was observed for the apparent rate constant (kapp): Ag/ACpy
(021 min—!) > Ag/CCpp (0.14 min~!) ~ Ag/ACopg (0.13 min~!) > Ag/CCopg (0.08 min—1).

Notably, supporting Ag nanoparticles on carbon-based materials significantly en-
hances catalytic activity, particularly for those prepared by chemical reduction. For instance,
the Ag/ACgy catalyst exhibits a kapp value nearly twice that of the corresponding unsup-
ported colloidal nanoparticles (0.21 vs. 0.12 min~?!). This improvement can be attributed
to the immobilization of Ag NPs on the carbon support, which limits aggregation and
increases the availability of active sites. In addition, the higher external surface area and
broader pore size distribution of AC compared to CC likely facilitate reactant diffusion and
improve the accessibility of Ag active sites during the catalytic process. In contrast, this
support effect is less pronounced for OPE-reduced nanoparticles, as the OPE itself acts as a
stabilizing agent, effectively preventing aggregation even without a support. Moreover,
TEM analysis suggested that the immobilization and washing steps applied to Ag/CCopg
may partially remove the organic shell originally surrounding unsupported Ag NPsopg.
While this could improve accessibility to the metallic surface, it may simultaneously reduce
part of the steric stabilization effect associated with the OPE-derived coating [44].

Table 4 summarizes the catalytic performance of the Ag-based materials investigated
in this work compared with similar systems from the literature. A direct comparison,
however, is challenging due to variability in experimental conditions, such as reagent
concentrations, Ag loading, catalyst dosage, and the use of supported versus unsupported
systems, which can significantly influence the observed catalytic activity.

Despite these limitations, the catalytic activities determined in this study fall within
the ranges commonly reported for Ag-based systems under comparable NaBH, /4-NP
ratios, for both unsupported nanoparticles and carbon-supported materials.

The combined catalytic and structural characterization results suggest that the catalytic
behavior of the investigated systems is governed not only by nanoparticle size but also
by the interplay between particle stabilization, support texture, pore accessibility, and
surface chemistry.
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Table 4. Comparison of Ag-based catalysts for the catalytic reduction of p-nitrophenol to p-

aminophenol.
4-NP NaBH; NaBH;/4- Ag Loadin k
Catalyst (mM)  (mM) NPRatio  (wies) = (min-1) Ref.
Ag/poly(AN-co-AMPS) 0.1 10 100 6 0.28 [83]
PIPOx_PNVP_SNCs 0.1 50 500 0.027 0.49 [84]
SBA-15/PDA/Ag 20 3000 150 3.24 0.89 [85]
MNP-Ag 1 18 18 - 0.46 [86]
Ag@Ca-BC 0.125 100 800 0.036 0.29 [57]
Fe;0,@PPy-MAA/Ag 1 10 10 28.3 0.05-0.14 [87]
Fe;0,@Ag/ATO 0.1 83 830 - 1.05 [88]
Ag/Hal/PVA 0.1 40 400 - 0.297 [89]
Ag NPs/MTP 0.12 12 100 10 0.166 [90]
Ag NPs/BTP 0.12 12 100 11 0.115 [90]
AgNSPs/ o-Al, O3 0.05 1.6 32 2 0.039 [91]
Biogenic Ag NPs 0.1 17 170 - 0.09 [92]
Ag NPspy 0.1 15 150 4 x 10732 0.121 £ 0.005 This work
Ag NPsopg 0.1 15 150 4 x 10732 0.16 + 0.03 This work
Ag/CCpy 0.1 15 150 0.036 0.14 £ 0.01 This work
Ag/CCopr 0.1 15 150 0.036 0.079 £ 0.001 This work
Ag/ACpy 0.1 15 150 0.036 0.21 £ 0.07 This work
Ag/ACopg 0.1 15 150 0.036 0.13 + 0.02 This work

2 Ag NPs concentration (mM).

Notably, the Ag NPs synthesized using OPE demonstrated catalytic performances
comparable to those of other bio-derived systems. This is consistent with findings by
Riaz et al. [92], where natural extracts (e.g., Cucumis sativus and Aloe vera) were effectively
employed to produce biogenic Ag NPs active in the catalytic reduction of 4-NP.

Consequently, while the use of natural extracts as reducing agents may represent a
sustainable alternative to conventional synthesis, further investigation is required to fully
assess their operational limits and ensure adequate control over the synthesis process to
govern the size distribution and long-term stability of the Ag NPs.

The reusability of a catalyst is a key factor for its practical application. To assess
this aspect, six consecutive catalytic reduction cycles were performed, with the Ag-based
nanocatalyst recovered by centrifugation after each run and reused in the subsequent cycle.
The catalytic activity was expressed as a relative value by comparing the reaction rate of
each cycle to the initial rate (Run 1).

As shown in Figure 10, in all cases, the activity gradually decreases across cycles,
eventually stabilizing at approximately 30—40% of the initial value after six runs. This
decline cannot be attributed to the detachment of Ag nanoparticles. In fact, stability tests
conducted on all catalysts confirmed the stable anchoring of Ag and the absence of metal
nanoparticle release even after 3 h of contact in water.

Several possible explanations may account for the observed catalytic deactivation.
First, partial oxidation of Ag® to Ag* species, followed by leaching of these ions, may
contribute to the loss of active sites, although this process should be mitigated by the
reducing environment maintained by NaBH,4. Second, surface poisoning by reaction
products may occur: p-aminophenol can strongly adsorb onto the Ag surface through
its amine groups, blocking active sites and hindering access to p-nitrophenol, thereby
leading to a progressive decrease in catalytic activity [41]. Third, the aggregation of Ag
nanoparticles into larger particles during repeated catalytic cycles may significantly reduce
the accessible active surface area; however, the presence of the CC support is expected to
partially counteract this phenomenon by promoting the dispersion and stabilization. In
this respect, the smaller particle size and narrower size distribution observed for the OPE-
derived nanoparticles may initially favor higher dispersion, although repeated catalytic
cycles could progressively alter these structural features under reaction conditions. Finally,
the blocking of the carbon support porosity by reagents, reaction products, or H3BO;

https://doi.org/10.3390/surfaces9020053


https://doi.org/10.3390/surfaces9020053

Surfaces 2026, 9, 53

22 of 30

crystals formed during the reaction cannot be excluded, as pore clogging would restrict the
diffusion of reactants to the active sites and thus impair the overall catalytic performance.
This effect may be particularly relevant for highly microporous systems such as CC, where
reactant transport is already partially limited by the narrow pore structure and reduced
external surface area evidenced by the N adsorption—desorption analyses.

@) (b)
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Figure 10. The reusability of Ag/ACgy (a), Ag/CCgp (b), Ag/ACopE (c), and Ag/CCopg (d) for the
reduction of 4-NP with NaBHj.

3.4. Cost—Performance Analysis

In heterogeneous catalysis and environmental remediation studies, material perfor-
mance is still mainly assessed exclusively in terms of catalytic activity, typically expressed
as conversion, rate constants, or removal efficiency. While these descriptors are useful for
benchmarking intrinsic reactivity, they provide only a partial view of the actual applicability
of a catalytic system. From a process-oriented perspective, a more balanced evaluation
should account not only for performance but also for the resources required to achieve it.

In this context, the definition of appropriate figures of merit that combine technical
performance with process-related costs becomes essential [93]. Such an approach enables
a more meaningful comparison between catalytic systems, moving beyond activity alone
and incorporating the economic implications associated with their preparation and use.
This perspective is particularly relevant for systems derived from waste or “green” routes,
where sustainability claims are often not supported by a quantitative cost assessment.

Based on these considerations, a preliminary cost-oriented assessment of the synthesis
procedures used in this work was carried out. The analysis was performed at laboratory
scale and focused on direct material costs associated with the preparation of both pristine
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Ag NPs and supported catalysts. It should be emphasized that this analysis is intentionally
limited to material costs and does not represent a full techno-economic assessment. In
particular, operational factors, such as energy consumption, processing time, labor, and
waste treatment, are not included in the present analysis. Rather, it provides a simplified
and internally consistent framework for comparative purposes. Therefore, the calculated
costs should be interpreted as relative indicators for comparison between systems, rather
than absolute economic values. To ensure broader applicability and avoid bias related to
specific laboratory procurement conditions, unit costs were estimated based on representa-
tive lower-bound market prices for reagents of comparable purity, rather than on the actual
purchase costs.

The detailed unit costs and the adopted system boundaries are reported in the Sup-
porting Information (Tables S1 and S2). The analysis includes precursor chemicals, carbon
supports, and washing solvents, while process water was considered as part of the synthe-
sis protocol but not monetized. Orange peel extract (OPE) was treated as a waste-derived
reagent and therefore not associated with a direct purchase cost. However, it should
be noted that this assumption may underestimate the real cost contribution of the OPE-
based route when additional processing, storage, or standardization steps are required
at a larger scale. In this sense, the OPE-based route should be regarded as an idealized
scenario representative of waste valorization conditions, rather than a fully quantified
economic case.

The resulting synthesis costs are summarized in Table S3. Batch costs are reported
for completeness, while comparative discussion is primarily based on normalized or
per-test metrics.

A first comparison between the two reduction routes (NaBH, vs. OPE) highlights a
clear difference in the cost of pristine nanoparticles (Table S3). Under equivalent precursor
conditions, the OPE-based route results in a slightly lower synthesis cost compared to the
NaBHy-based one. This behavior reflects the absence of an external reducing agent and the
simplified reagent systems associated with the waste-derived protocol.

When moving to supported systems, the synthesis cost is largely governed by the
carbon support. AC-based materials are more expensive than coconut-derived carbons,
reflecting their higher unit price (20 vs. 5 € per kg, Table S1). Consequently, the choice of
support becomes a key parameter in determining the total cost of the final catalyst, often
overcoming the contribution of nanoparticle synthesis itself.

A comparison between the two synthesis strategies for supported catalysts indicates
that NaBHj-derived systems are generally less expensive than OPE-derived ones. This
trend is observed for both AC- and CC-based materials, although the difference is more
pronounced in the latter case. This result highlights that the adoption of a green reducing
agent does not necessarily translate into a lower overall material cost, as additional steps
(e.g., washing, solvent use, or base addition) may offset the intrinsic advantages of the
bio-derived route under the investigated conditions.

While the analysis of synthesis costs provides useful insight into catalyst preparation,
it does not directly reflect the cost associated with catalytic operation. For this reason, the
cost per catalytic test was estimated by accounting for the effective amount of catalyst used
in each reaction (see Section 2.9). Importantly, unlike batch synthesis costs, the cost per
test accounts for the actual amount of material used and is therefore independent of the
synthesis scale. However, this approach inherently assumes ideal material utilization and
does not consider potential losses during handling, separation, or recovery.

The resulting cost per test values are reported in Table 54 together with the correspond-
ing figure of merit (FoM), while Figure 11 illustrates the relationship between catalytic
performance (k) and cost per test. This representation allows a direct visualization of
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the cost—performance trade-off, while the FoM provides a quantitative descriptor of the
catalytic efficiency normalized by cost. It should be emphasized that the FoM is defined
under the specific experimental conditions adopted in this study and is therefore intended
as a simplified comparative descriptor. As such, it does not account for catalyst stability,
long-term productivity, or performance under continuous or scaled-up operation.

0.25
Ag/ACg
[
0.20
AgNPsope
—~ 0.15 - A Ag/CCgy
c ° Ag/ACope
E o
~ A
0.10 AgNPsgy
C]
Ag/CCope
0.05 -
O T LI B B B R R | T LA B L B R |
1078 105 104

cost per test (€)

Figure 11. Relationship between catalytic performance (k) and cost per test for the investigated systems.

It should be taken into account that the comparison between pristine nanoparticle
suspensions and supported catalysts reflects two different usage modes, i.e., dispersed
versus solid-phase systems, which may influence the interpretation of cost-performance
metrics depending on the targeted application. For this reason, the comparison should be
interpreted as a framework-level evaluation rather than a direct process equivalence.

The cost per test differs by several orders of magnitude between pristine Ag NPs and
supported catalysts (Figure 11). Nanoparticle suspensions result in extremely low costs
per test, due to the very small amount of Ag required to reach the target concentration,
whereas supported systems require a fixed mass of solid catalyst, leading to significantly
higher material costs per run.

When performance is normalized by cost through the FoM (Table S4), a different
ranking emerges. In particular, pristine Ag NPs synthesized via the OPE route ex-
hibit the highest FoM value (1.84-10* min~!-€~1), followed by NaBH4-derived nanopat-
ticles (1.17-10* min—!-€~1), reflecting their low cost per test combined with comparable
catalytic activity.

Within supported systems, CC-based materials exhibit higher FoM values than AC-
based ones, primarily reflecting their lower material cost, even though differences in
catalytic activity are observed between the two supports.

Taken together, these results suggest that the integration of cost considerations can
influence the interpretation of catalytic performance, even within a simplified material-cost
framework. Although certain supported systems exhibit higher kinetic constants, their
higher material cost per test results in lower overall cost-efficiency compared to dispersed
nanoparticle systems. These findings suggest that sustainability assessments based solely
on catalytic activity or green synthesis routes may lead to incomplete interpretations if not
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complemented by cost considerations. In this context, it is also important to consider that
pristine nanoparticle suspensions and supported catalysts differ not only in cost structure
but also in operational aspects, such as stability and reusability. In the present study,
stability tests were performed only on supported systems, which showed a progressive
decrease in activity over consecutive cycles while maintaining no detectable Ag release
(Figure 10).

Therefore, although dispersed nanoparticle systems exhibit superior cost-efficiency
under batch conditions, supported catalysts offer advantages in terms of recovery, reuse,
and operational handling, which are essential for practical water treatment applications.

While the proposed cost—performance framework provides useful insights for prelimi-
nary comparison and screening, a more comprehensive evaluation, including operational
parameters and long-term catalytic performance, would be required to fully assess the
practical viability of these systems. Accordingly, the results presented here should not
be interpreted as predictive of real process costs but rather as a simplified comparative
framework applicable under laboratory-scale conditions.

Although preliminary and limited to laboratory-scale conditions, this analysis
highlights the need for a more critical and multidimensional evaluation of catalytic
systems, where performance and cost are jointly considered rather than treated as
independent descriptors.

4. Conclusions

Silver nanoparticles synthesized via both NaBH4 and orange peel extract (OPE)
routes showed effective catalytic activity in the reduction of p-nitrophenol under pseudo-
first-order conditions. OPE-derived nanoparticles exhibited slightly higher activity
(kapp =0.16 min~1) compared to NaBHy-reduced ones (kapp = 0.12 min~!), which can
be associated with their smaller average particle size, narrower size distribution, and
the presence of an organic capping layer that contributes to colloidal stabilization and
preservation of accessible active surface area.

Immobilization on carbon supports significantly influenced the catalytic behavior
of the Ag nanoparticles. In particular, the highest activity was observed for Ag/ACgy
(Kapp = 0.21 min~!), nearly doubling the performance of the corresponding unsupported
system. The enhanced performance of AC-based catalysts can be reasonably related to the
larger external surface area and broader pore structure of the commercial activated carbon,
which facilitate reactant diffusion and accessibility to the active sites. Conversely, cata-
lysts based on coconut-derived carbon exhibited lower kinetic constants (e.g., Ag/CCopg:
0.08 min '), reflecting the higher microporous character and reduced pore accessibility of
the biomass-derived support.

When evaluated from a cost-performance perspective, however, a different trend
emerged. Despite their lower absolute catalytic activity, CC-based systems exhibited more
favorable cost-normalized metrics due to the lower cost of the support, while unsupported
nanoparticles displayed the highest efficiency per catalytic test. These findings highlight
that catalytic activity alone is not sufficient to identify the most advantageous system when
economic considerations are included.

Reusability tests revealed progressive catalyst deactivation upon repeated cycles, with
the activity decreasing to approximately 30—40% of the initial value after six runs. The
observed deactivation was mainly associated with surface-related phenomena, includ-
ing active-site poisoning, nanoparticle aggregation, and pore blocking, rather than with
metal leaching.

All these results demonstrate that both the nanoparticle synthesis route and the
physicochemical properties of the support critically govern catalytic performance, stability,
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and cost-efficiency. More broadly, this work highlights the importance of integrating
structural characterization, catalytic evaluation, and preliminary economic considerations
to achieve a more comprehensive assessment of sustainable catalytic systems.
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