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ABSTRACT

This study presents a “modified polyol” approach for the synthesis of silver nanoparticles (AgNPs) utilizing a
synergistic citrate-glycerol system. Glycerol functions as a non-toxic solvent, mild co-reductant, and stabilizing me-
dium, while citrate serves as a secondary stabilizer to ensure colloidal stability through electrostatic repulsion. The
formation of AgNPs were systematically monitored via UV-Vis spectroscopy to determine optimal synthetic pa-
rameters. The crystalline structure, surface chemistry, and morphological attributes of the synthesized nanoparticles
were systematically characterized using X-ray diffraction (XRD), selected area electron diffraction (SAED), Fourier
transform infrared spectroscopy (FTIR), and transmission electron microscopy (TEM), confirming the production
of phase-pure silver crystals with a spherical morphology and a well-defined average diameter of 9.5 nm. The cata-
lytic evaluation of AgNPs was evaluated through the aqueous reduction of 4-nitrophenol (4-NP) to 4-aminophenol
(4-AP) utilizing NaBH,. Using a low catalyst loading of 0.10 ppm, a 92% degradation efficiency was achieved
within 6 minutes. Kinetic analysis followed a pseudo-first-order model, yielding an apparent rate constant of 0.4673
+0.0095 min (n = 3). These results underscore their high catalytic activity, positioning this sustainable synthesis

for pollutant removal and the transformation of toxic industrial waste into valuable chemical precursors.

Keywords: silver nanoparticles, glycerol, sustainable synthesis, nanocatalysis, 4-nitrophenol.

INTRODUCTION

The rapid evolution of metal nanoparticle fab-
rication has recently changed how we approach
organic pollutant treatment (Boulkhessaim et al.,
2022; Tran et al., 2025), antimicrobial medicine
(Tripathi et al., 2022; Nguyen et al., 2025), and en-
vironmental sensing (Dang-Bao et al., 2023; Nguy-
en-Huynh et al., 2025). This technological shift is
rooted in the unique physical phenomena, such as
size and surface effects, that emerge as materials
are scaled down to the nanometer level (Jamkhande
et al., 2019). In catalysis, nanoparticles effectively
bridge the traditional gap between homogeneous
and heterogeneous systems. However, the practical
utility of these nanocatalysts depends on governing
their size, morphology, and dispersion (Dang-Bao

et al., 2021). A challenge remains the thermody-
namic tendency of nanoparticles to aggregate into
bulk clusters, which drastically reduces active sur-
face area and catalytic performance. Consequently,
designing efficient systems requires a balance of
stabilizers or solid supports to maintain the integ-
rity of the metallic phase.

In this context, silver nanoparticles (AgNPs)
command significant attention owing to their re-
markable catalytic power (Ly et al., 2024; Kumar
etal., 2025) and antibacterial properties (Bruna et
al., 2021; Selvam et al., 2026). Many researchers
have turned to biosynthesis using plant extracts as
an eco-friendly alternative; however, these meth-
ods frequently lack reproducibility (Moradi et al.,
2021; Phan et al., 2024). The inherent complexity
of plant chemistry makes it difficult to regulate
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nucleation and growth, often leading to polydis-
perse products. On the other hand, conventional
chemical reduction offers tighter control but re-
lies on aggressive reductants like sodium borohy-
dride or hydrazine. These chemicals present not
only a high toxicity risk to researchers but also
significant environmental disposal challenges.

Polyol protocols have long served as a key
strategy, mainly relying on ethylene glycol that
act as weak reductants under severe thermal con-
ditions. For example, Késtner and Thiinemann
(2016) and Wolf et al. (2022) fabricated spheri-
cal AgNPs (~5-6 nm) in ethylene glycol utilizing
poly(acrylic acid) stabilizers at high tempera-
tures (up to 210 °C). Similarly, when non-ionic
polymers like polyvinylpyrrolidone (PVP) are
introduced for steric shielding, high thermal
thresholds and prolonged holding times remain
mandatory; this is evident in microwave-assisted
systems at 160 °C yielding 80-120 nm structures
(Helmlinger et al., 2015), and conventional heat-
ing treatments at 120-160 °C generating widely
dispersed particles up to 200 nm (Ahmad et al.,
2024; Zhao et al., 2010). Collectively, these con-
ventional polyol routes have been carried out at
high temperatures, while AgNPs fabrication re-
mains on ethylene glycol, with glycerol-mediated
routes rarely explored.

In contrast, standard aqueous reductions uti-
lizing trisodium citrate typically operate under
milder conditions where citrate functions concur-
rently as a weak reductant and an electrostatic
capper. While capable of generating AgNPs, with
reported average dimensions from 6 nm (Oprica
et al., 2020) up to 38.47 nm (Tessema et al., 2023)
and 50 nm (Mohaghegh et al., 2020), these aque-
ous configurations lack structural matrix entrap-
ment. Consequently, the emerging metallic col-
loids remain highly susceptible to long-term Os-
twald ripening, unconstrained secondary growth,
and irreversible aggregation.

In this study, we presents a “modified poly-
ol” approach using a dual citrate-glycerol sys-
tem. Within this dual framework, glycerol oper-
ates as a non-toxic solvent, mild co-reductant,
and viscous stabilizing medium (Dang-Bao et
al., 2022; Tran et al., 2025); its high viscosity
is uniquely advantageous for kinetic regulation,
limiting precursor diffusion throughout the poly-
ol matrix to yield highly monodispersed parti-
cles with narrow size distributions (Dong et al.,
2015; Fiévet et al., 2018). Concurrently, trisodi-
um citrate acts as a secondary capper, imparting
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immediate electrosteric repulsion that keeps the
un-agglomerated nanoparticle surfaces isolated
and highly catalytically active.

The synthesized AgNPs was tested through
the selective reduction of 4-nitrophenol (4-NP)
into 4-aminophenol (4-AP) in water. 4-NP is a
stubborn organic pollutant common in pharma-
ceutical and pesticide manufacturing. Its stability
in water and high toxicity make it a severe threat
to aquatic life and human health (Zhang et al.,
2022; Wang et al., 2025). Interestingly, its reduc-
tion product (4-AP) is a valuable chemical inter-
mediate used in the synthesis of analgesics like
paracetamol (Mejia and Bogireddy, 2022). There-
fore, this research presents a sustainable synthe-
sis method, offering an pollutant removal tool that
simultaneously transforms a toxic pollutant into a
high-value industrial precursor.

EXPERIMENTAL

Fabrication of monodisperse AgNPs
via citrate-glycerol route

The fabrication of AgNPs was achieved
through a modified polyol route. In a representa-
tive synthesis, a 10 mL glycerol (99.0%, Fisher)
solution was prepared, containing 1 mM silver
nitrate (AgNO,, 99.8%, Fisher) and 5 mM ftriso-
dium citrate (TSC, 99.0%, Xilong) as the dual-
functional reducing and stabilizing agents. The
mixture was subjected to continuous magnetic
stirring at a constant temperature of 100 °C for
a duration of 30 min. The reduction of Ag" spe-
cies to Ag’ and the subsequent nucleation of Ag-
NPs were visually monitored by the distinct color
transition of the medium from a transparent state
to a characteristic yellow hue, signifying the exci-
tation of surface plasmon resonance.

To identify the ideal conditions for particle
formation, several key parameters were system-
atically varied. These included the reaction dura-
tion (ranging up to 60 min), thermal conditions
(varying between 60 and 140 °C), and the stoi-
chiometric molar ratio of silver to citrate (JAg]/
[TSC]), which was adjusted across a range from
1/0 to 1/9. Furthermore, to evaluate the specific
influence of the polyol matrix on the growth and
stabilization of the particles, the optimized proto-
col was replicated by substituting glycerol with
alternative media, specifically deionized water,
ethylene glycol, and propylene glycol.
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Following the thermal treatment, the colloi-
dal suspensions were allowed to cool naturally to
room temperature and were stored under ambient
conditions for subsequent characterization. For
the acquisition of solid-phase AgNPs, the parti-
cles were isolated from the viscous glycerol ma-
trix via high-speed centrifugation. The resulting
precipitates were subjected to multiple washing
cycles using distilled water and ethanol to ensure
the removal of residual precursors and glycerol.
Finally, the purified AgNPs were air-dried at room
temperature overnight before further analysis.

Reduction kinetics of 4-NP to 4-AP
in water using AgNPs nanocatalysts

The catalytic performance was assessed
through a benchmark reduction assay conducted in
a 1.0 cm path-length quartz cuvette at ambient tem-
perature. The reaction mixture, with a total volume
of 3.0 mL, was prepared by combining a 20 ppm
aqueous solution of 4-NP (99.0%, HiMedia) with
a freshly prepared NaBH, (99.0%, Xilong) solu-
tion, maintained at a high molar excess ([NaBH, ]/
[4-NP] = 175/1). To initiate the catalytic process,
AgNPs were introduced into the system at a final
concentration of 0.10 ppm. The chemical trans-
formation was monitored in-situ using an Optizen
POP UV-Vis spectrophotometer, recording the
absorbance spectra within the 200-600 nm range.
Data points were collected at 2-minute intervals,
continuing until the complete decolorization of the
yellow solution, which indicated the total conver-
sion of the 4-nitrophenolate species.

To evaluate the specific parameters influenc-
ing catalytic efficiency, a systematic variation
of experimental factors was conducted. In these
controlled trials, a single independent variable
(such as reaction time, reactant concentration,
and catalyst dosage) was modified while all other
parameters remained fixed according to the afore-
mentioned baseline protocol.

The reaction kinetics for the catalytic reduc-
tion of 4-NP were evaluated by analyzing the
linear relationship between In(C/C) and the re-
action time (t). Given that the concentration of
NaBH, was maintained at a substantial stoichio-
metric excess relative to the 4-NP substrate, the
reaction was assumed to follow pseudo-first-or-
der kinetics: In(C/C ) = -kt. In this model, C and
C, represent the concentration of 4-NP at the ini-
tial state and at a specific time interval (t), respec-
tively. The efficiency of the process is quantified

by the apparent rate constant (k), derived from the
slope of the linear regression.

RESULTS AND DISCUSSION

Investigation of synthetic parameters
governing the formation of AgNPs in glycerol

The evolution of AgNPs within the citrate-
glycerol matrix was systematically monitored via
UV-Vis spectroscopy (Figure 1). The initial pre-
cursor solution, containing AgNO, and glycerol,
was colorless. Upon heating to 100 °C (at a fixed
[Ag]/[TSC] molar ratio of 1/5), a distinct chro-
matic transition to a pale yellow was observed,
intensifying as the reaction progressed. This op-
tical change serves as a qualitative indicator of
the chemical reduction of Ag* to Ag° and the sub-
sequent nucleation of silver clusters (Phan et al.,
2024; Nguyen et al., 2025).

Spectroscopically, this process was character-
ized by the emergence of a prominent absorption
maximum (A__) at 408 nm, contributed by the
surface plasmon resonance (SPR) of silver nano-
spheres (Phan et al., 2024; Nguyen et al., 2025).
The absorbance intensity exhibited a temporal in-
crease, reaching a maximum peak at the 30-min-
ute mark (Figure 1a). This peak profile suggests
that the nucleation and growth kinetics reached
an equilibrium, yielding a highly stable colloi-
dal suspension. Beyond this optimal duration, a
decline in absorbance intensity was noted, likely
associated with Ostwald ripening or particle co-
alescence, which reduces the concentration of
monodisperse AgNPs (Thanh et al., 2014; Polte,
2015). Consequently, 30 minutes was established
for optimal particle density.

The impact of temperature (60-140 °C) on
the synthesis was similarly evaluated (Figure 1b).
While the A remained consistent at 408 nm,
confirming the persistence of spherical morphol-
ogies; the reaction efficiency was highly temper-
ature-dependent. At a lower temperature (60 °C),
the SPR signal remained negligible, indicating
insufficient Ag" reduction. The highest optical
density and narrowest full-width at half-maxi-
mum (FWHM) were achieved at 100 °C, signify-
ing the formation of high-density, well-dispersed
nanoparticles. Conversely, temperatures exceed-
ing 120 °C resulted in peak broadening and a
reduction in absorbance. This phenomenon is at-
tributed to the excessive kinetic energy within the
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Figure 1. UV-Vis absorption spectra of AgNPs synthesized in citrate-glycerol, showing the influence of
(a) reaction time, (b) reaction temperature, and (c) [Ag]/[TSC] molar ratio
(recorded following a 15-fold dilution)

system, which accelerates inter-particle collisions
and promotes uncontrollable agglomeration (Le
et al., 2025; Nguyen et al., 2025).

The TSC role was investigated by varying
the [Ag]/[TSC] molar ratio from 1/1 to 1/9 (Fig-
ure lc). While all configurations exhibited the
characteristic 408 nm SPR peak, the maximum
absorbance was recorded at a 1/5 ratio. This stoi-
chiometry appears to provide a sufficient con-
centration of citrate ions to facilitate complete
Ag" reduction (Oprica et al., 2020). Furthermore,
TSC serves as a secondary stabilizing agent,
imparting the requisite electrostatic repulsion
to prevent particle coalescence. At sub-optimal
TSC levels, the insufficient capping density led to
poor colloidal stability. Interestingly, a surplus of
TSC (above the 1/5 ratio) resulted in a decreased
absorbance signal, due to an increase in the ionic
strength of the medium or background scattering
effects from excess species. Crucially, the control
experiment conducted in the absence of citrate
(a ratio of 1/0) confirm that glycerol alone pos-
sesses insufficient reducing capacity to transform
Ag" into Ag® under identical conditions.

Based on these spectroscopic findings, the
optimized parameters were determined to be
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a reaction time of 30 minutes, a temperature of
100 °C, and an [Ag]/[TSC] molar ratio of 1/5.

Impact of glycerol on the colloidal stability
and crystalline structure of AgNPs

Glycerol functions as a dual-purpose medium
in the AgNPs fabrication, acting as both solvent
and stabilizers. Its effectiveness is attributed to
high polarity, a trivalent hydroxyl structure, and
a substantial dynamic viscosity (~1410 mPa-s at
25 °C). These attributes facilitate stabilization
through electrostatic forces and hydrogen bond-
ing, while the high viscosity physically hinders
the agglomeration rate, ensuring consistent par-
ticle growth and good dispersity (Dang-Bao et al.,
2022; Le et al., 2025).

Comparative studies involving water, ethyl-
ene glycol (EG), and propylene glycol (PG) high-
light the good performance of glycerol (GL). In
Figure 2a, only the citrate-glycerol system pro-
duces an intense, sharp SPR peak blueshifted to
408 nm. In contrast, the alternative solvents yield
negligible absorption, signifying poor formation
efficiency and colloidal instability. When com-
pared to a conventional aqueous reduction con-
trol consisting of a citrate-water mixture, the dual
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matrix demonstrates clear operational superiority.
Although the aqueous citrate is capable of reduc-
ing Ag" ions, it produces a weak, broad SPR band
redshifted toward approximately 430 nm. Transi-
tioning to the dual citrate-glycerol framework en-
hances the reduction efficiency, yielding a much
higher particle density and a smaller particle size.

According to Figures 1c and 2a, the control
data show that glycerol is independently incapa-
ble of reducing Ag* ions due to thermodynamic
limitations; however, its integration alongside
citrate alters the nucleation and growth kinetics.
Within the citrate-glycerol framework, citrate
initiates rapid chemical reduction while provid-
ing electrosteric shielding to the nuclei. Concur-
rently, the extended carbon chain, high viscosity,
and triple hydroxyl groups of glycerol establish
a hydrogen-bonded network (Dang-Bao et al.,
2022; Nguyen et al., 2025). This structure acts as
a physical kinetic barrier that traps and stabilizes
the growing silver clusters.

The stability of AgNPs in the citrate-glycerol
matrix was demonstrated by the time-resolved UV-
Vis profiles (Figure 2b). The SPR intensity of the
nano-colloid remained after 30 days of ambient
storage. This negligible spectral difference under-
scores the good stability and resistance to degra-
dation achieved by the dual-stabilizer framework.
It is likely that citrate molecules provide immedi-
ate electrosteric repulsion at the core boundaries,
a glycerol shell effectively envelopes AgNPs. This
surrounding polyol matrix establishes a physical
barrier that systematically suppresses particle ag-
glomeration and limits inter-particle diffusion.

The crystalline structure, surface chemistry,
and morphological attributes of AgNPs were
characterized using X-ray diffraction (XRD),
selected area electron diffraction (SAED),
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Fourier transform infrared spectroscopy (FT-IR),
and transmission electron microscopy (TEM).

XRD pattern (Figure 3a) confirmed the pres-
ence of phase-pure silver (AgP), with distinct dif-
fraction peaks corresponding to the (111), (200),
(220), and (311) planes. These reflections align
with the face-centered cubic (FCC) lattice struc-
ture of silver (JCPDS 87-0719 standard). FT-IR
analysis of the solid-state AgNPs confirmed the
coordination of citrate molecules on the metal-
lic surface (Figure 3b). Specifically, the spectrum
displays a broad band at 3434 cm™' corresponding
to the -OH stretching vibration, alongside distinct
peaks at 1592 cm™ and 1397 cm™ assigned to
the asymmetric and symmetric stretching modes
of the carboxylate (COO") groups, respectively
(Shahbazi and Zare-Dorabei, 2019). Crucially,
the absorption bands observed at 1276 ¢cm™ and
1080 cm™ are attributed to the C-O stretching
vibrations of the polyol backbone and aliphatic
ether linkages, confirming the structural integra-
tion of glycerol within the capping layer (Le et
al., 2025). Furthermore, the band at 620 cm™ is
associated with the bending vibrations of the car-
boxylate groups and the skeletal coordination of
Ag-O complexes, verifying the chemisorption of
the stabilizers onto the particle surface.

TEM imaging (Figure 3c) and the corre-
sponding particle size distribution histogram
(Figure 3d) revealed a highly uniform popula-
tion of spherical, monodispersed nanoparticles.
The fabricated clusters exhibit a well-defined size
distribution centered at an average diameter of
9.5 nm. This narrow polydispersity index dem-
onstrates that the synthesis parameters effectively
regulated the crystal growth and stabilization ki-
netics. Furthermore, SAED analysis (Figure 3e)
elucidates the crystallographic nature of AgNPs,
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Figure 2. UV-Vis absorption spectra of (a) AgNPs synthesized in various citrate-solvents and
(b) stability of AgNPs in citrate-glycerol over 30 days
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Figure 3. (a) XRD pattern, (b) FTIR spectrum, (¢) TEM image, (d) particle size distribution,
and (e) SAED pattern of AgNPs synthesized in citrate-glycerol

displaying distinct diffraction rings indexed to the
(111) and (200) reflection planes. These orienta-
tions confirm the FCC lattice structure, which
is in good agreement with the bulk crystallinity
determined by XRD (Figure 3a). Such precisely
tailored, small-scale spherical configurations
maximize the density of surface-active facets,
rendering them highly advantageous for catalytic
applications.

Catalytic efficiency and kinetic studies
of AgNPs in the reduction of 4-NP to 4-AP

The catalytic efficiency of AgNPs was as-
sessed via the aqueous reduction of 4-NP to
4-AP at room temperature, utilizing NaBH, as
the reducing agent. 4-NP is a persistent organic
contaminant common in pharmaceutical and
pesticide runoff, posing severe ecological risks
due to its toxicity and stability (Zhang et al.,
2022; Wang et al., 2025). However, its reduction
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yields 4-AP, a high-value industrial precur-
sor for analgesics like paracetamol (Mejia and
Bogireddy, 2022). Consequently, this approach
serves as both a remediation tool and a sustain-
able chemical transformation.

The catalytic process follows the Langmuir—
Hinshelwood model, where 4-NP first undergoes
deprotonation in the alkaline medium to form
4-nitrophenolate ions. These ions, along with
borohydride-derived species, adsorb onto the Ag-
NPs active sites, facilitating the electron transfer
to the nitro group. This specific pathway ensures
the exclusive formation of 4-AP without inter-
mediate byproducts (Das and Das, 2022; Sharma
et al., 2024). Using a stoichiometric excess of
NaBH,, the reaction kinetics can be described
using a pseudo-first-order model (Mejia and Bo-
gireddy, 2022; Thach-Nguyen et al., 2022).

In this work, the catalytic reduction of 4-NP
to 4-AP was monitored via UV-Vis spectroscopy
in an aqueous medium at room temperature using
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NaBH,. Upon the addition of 0.10 ppm of AgNPs
catalyst, a progressive decline in the characteris-
tic absorption peak of 4-nitrophenolate at 400 nm
(associated with the yellow alkaline solution) was
accompanied by a concomitant rise in a new peak
at 300 nm, corresponding to the formation of the
colorless 4-aminophenolate (Figure 4a). The ap-
pearance of two distinct isosbestic points at 280
nm and 320 nm confirms the stoichiometric con-
version of 4-NP to 4-AP, indicating a clean trans-
formation without the formation of secondary by-
products (Ayad et al., 2020; Thach-Nguyen et al.,
2022). Within 6 minutes, a degradation efficiency
of 92% was achieved, as evidenced by the com-
plete decolorization of the reaction mixture.
NaBH, was found as the hydrogen source
for such a reduction. In the absence of NaBH,,
no conversion was observed; however, increas-
ing the NaBH, dosage enhanced the reaction rate,
as shown by the accelerated depletion of the 400
nm peak within the 6-minute timeframe (Figure
4b). It is worth noting that while higher reduc-
tant concentrations drive the reaction, the exces-
sive generation of hydrogen bubbles on the Ag-
NPs surfaces can partially passivate active sites,
slightly moderating the rate of electron transfer
(Neal et al., 2019). Based on these observations, a
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[NaBH,]/[4-NP] molar ratio of 175/1 was identi-
fied as optimal for the 6-minute interval.

The catalyst role of AgNPs is further illustrat-
ed in Figure 4c. Without the addition of AgNPs,
the 400 nm absorption peak remained static, con-
firming that no reduction was observed despite the
presence of NaBH,. Increasing the catalyst load-
ing led to a significant decrease in the absorption
intensity, reflecting an accelerated reaction rate.

To quantify the catalytic performance, the
reaction kinetics were analyzed using a pseudo-
first-order model, justified by the high stoichio-
metric excess of NaBH, (175/1) relative to 4-NP.
The apparent rate constants (k) were derived
from the slope of the linear plots of In(C/C))
versus time (Figure 4d). The calculated k values
increased proportionally with catalyst concentra-
tion: 0.1097 min! (0.05 ppm), 0.4584 min™ (0.10
ppm), 0.6680 min!' (0.15 ppm), and 1.3205 min!
(0.20 ppm), demonstrating the high efficiency and
concentration-dependent activity of AgNPs in this
reduction.

Table 1 provides a comparison of the catalytic
performance of the dual-stabilized citrate-glycerol
AgNPs against previously reported silver-based
catalysts evaluated for the ambient reduction of
4-NP to 4-AP in the presence of NaBH,. Notably,
the AgNPs synthesized via this modified polyol
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Figure 4. Reductive transformation of 4-NP to 4-AP catalyzed by AgNPs at ambient temperature influenced by
(a) reaction time, (b) [NaBH,]/[4-NP], (c) silver concentration, and (d) pseudo-first-order kinetic analysis
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Table 1. Catalytic efficiency of citrate-glycerol AgNPs and reported AgNPs in 4-NP reduction using NaBH, at

room temperature

Reductant-Stabilizer [Ag] (mg/L) | [4-NP](mM) | [NaBH,]/[4-NP] k (min") Reference
Citrate-glycerol 0.10 0.14 1751 (+%%%7935)* This study
Glycerol-PVP 0.10 0.14 175/1 0.1064 Nguyen et al. (2025)
Musa paradisiaca L. peel 432 0.10 200/1 0.2230 Phan et al. (2024)
extract
Mono-
thioureidophosphonate 15.7 0.12 200/1 0.1656 El-Tantawy et al. (2023)
Bis-thioureidophosphonate 17.0 0.12 200/1 0.1146 El-Tantawy et al. (2023)
Aloe vera leaf extract 3333 0.08 200/1 0.0906 Riaz et al. (2022)
Acacia nilotica stem extract 1666 0.08 200/1 0.0806 Shah et al. (2020)
Allium ampeloprasum L. 0.53 0.13 2500/1 02595 | Khoshnamvand et al. (2019)
leaf extract
Trachyspermum
ammi (Ajwain) seeds 3.57 0.05 300/1 0.3454 Chouhan et al. (2017)
extract
NaBH,- Polyguanidino
oxano‘:'bornene (PG-5K) 4.0 0.12 100/1 0.33 Baruah et al. (2013)

Note: *A mean value (+ standard deviation) from triplicate measurements (n = 3).

route exhibit a good catalytic efficacy by achiev-
ing the higher pseudo-first-order rate constant (k)
while operating at a reduced metallic loading and
a minimized [NaBH,]/[4-NP] molar ratio. It is
important to note that the literature comparison
presented in Table 1 serves primarily to provide a
general overview of AgNPs catalytic efficiency. A
direct quantitative ranking remains inherently lim-
ited due to the disparate experimental conditions
across the reported studies, such as variations in
initial reactant concentrations, solution pH, stir-
ring rates, and operating temperatures. Further-
more, because several referenced works omit

specific parameters regarding active surface sites
or early-stage initial reaction rates, standardized
metrics like mass-normalized activity or turnover
frequency (TOF) could not be uniformly calcu-
lated. Consequently, these values should be in-
terpreted as qualitative indicators of performance
rather than a direct benchmarking baseline.
Beyond initial kinetic efficiency, the opera-
tional longevity of the nano-colloid was verified
across consecutive reusability trials (Figure 5).
The catalyst maintained robust, stable conver-
sion efficiency over three consecutive cycles,
a durability directly ascribed to the structural
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Figure 5. Stability evaluation of AgNPs catalyst over 4 consecutive cycles in 4-NP reduction
using NaBH, at room temperature
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immobilization of the metallic cores within the
viscous, citrate-glycerol network which effec-
tively suppresses particle agglomeration. How-
ever, a progressive decline in catalytic activity
was observed during the fourth cycle, charac-
terized by an extended reaction timeline for
complete 4-NP decolorization. This attenuation
in performance is indicative of progressive ac-
tive-site passivation; specifically, the accumu-
lation and strong chemisorption of metaborate
byproducts onto the nanoparticle surfaces cre-
ates a physical mass-transfer barrier, blocks the
exposed metallic facets, and consequently re-
stricts reactant accessibility to the active cata-
lytic centers.

CONCLUSIONS

This work optimized a sustainable citrate-
glycerol framework to synthesize AgNPs with
high uniformity and a sub-10 nm particle size
(averaging 9.5 nm). These nanoparticles exhib-
ited high efficiency in the catalytic reduction
of 4-NP under mild ambient conditions. Being
able to turn toxic 4-NP into a useful industrial
chemical like 4-AP within six minutes, this work
demonstrates the potential of citrate-glycerol-
assisted synthesis for environmentally oriented
catalytic applications. However, several fac-
tors require further investigation, such as the
proposed mechanistic pathways warrant deeper
validation, and the material’s recyclability cur-
rently remains limited.

Although this method yields highly stable
and uniform nanoparticles, practical challenges
remain regarding its industrial scale-up. The low
operating concentration of the colloid limits mass
output unless substantial solvent volumes are
processed. Besides, managing fluid dynamics and
uniform thermal distribution within the viscous
polyol matrix is critical to preventing localized
over-nucleation and subsequent particle aggre-
gation. Future scale-up strategies must therefore
pivot toward continuous-flow chemistry.
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