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Abstract: The current study investigates the recovery and synthesis
of silver nanoparticles (AgNPs) from used x-ray photographic
films as a sustainable and cost-effective strategy for scalable
production. Silver was extracted using an alkaline NaOH solution
and stabilised with humic (HA) and fulvic (FA) acids,
demonstrating a green chemistry approach that enhances
nanoparticle stability and biocompatibility. FTIR analysis
confirmed the incorporation of functional groups for AgNP
stabilisation, SEM revealed well-dispersed nanoparticles, and
XRD verified their crystalline structure. The HA- and FA-
stabilised AgNPs showed superior antimicrobial activity
compared to pure AgNPs, with inhibition zones of 35 and 39 mm
against  Escherichia coli and Streptococcus pneumonia,
respectively. The antibacterial effects of the synthesised particles
were found to be concentration-dependent. This dual approach of
waste photographic film valorisation and in situ nanoparticle
stabilisation offers an eco-friendly pathway for functional AgNP
production with potential applications in medical and
environmental fields.

Keywords: Silver nanoparticles, x-ray film recycling, humic and
fulvic acid stabilization, green synthesis, antimicrobial activity.

1. INTRODUCTION

Silver and its nanoparticle derivatives are widely
recognized for their potent activity against diverse microbial
pathogens [1, 2], which makes them valuable in medical,
environmental, and industrial applications [3, 4].
Traditional methods for synthesizing AgNPs often require
expensive precursors and complex processes, which limit
their large-scale production and sustainable application [5].
In recent years, the recovery and synthesis of AgNPs from
waste materials, such as used x-ray photographic films,
have gained attention as a cost-effective and
environmentally friendly alternative and a sustainable
https:/ /doi.org/10.53982/ ajeas.2025.0301.02-

approach to mitigate resource depletion while exploring
new, cost-effective avenues for nanoparticle synthesis.
These X-ray films contain silver in their Gelatin layers,
providing a valuable source of recoverable AgNPs, and their
utilization addresses both waste management and resource
recovery challenges, aligning with the broader goals of
green chemistry by reducing waste and promoting resource
circularity [6, 7].

The process of extracting AgNPs from X-ray films
involves treating the gelatin-silver layers with an alkaline
solution, with sodium hydroxide promoting gelatin matrix
dissolution and subsequent release of silver ions. This
method has been shown to effectively recover silver while
minimizing environmental impact [8]. In the current study,
humic (HA) and fulvic (FA) acids, two naturally occurring
organic substances, are employed as stabilizing agents for
the synthesized AgNPs. Both HA and FA are rich in
functional groups that can chelate and stabilize metal ions,
making them suitable for supporting the formation of
AgNPs with enhanced stability and biocompatibility [9, 10].
By using these natural stabilizers, this approach not only
enables the sustainable recovery of silver but also integrates
the antimicrobial properties of both the AgNPs and the
organic acids, potentially broadening the utility of the
recovered nanoparticles [11].

While there are existing methods for recovering silver
from X-ray films [9, 12, 13] most focus on chemical
leaching without producing silver in a stabilized
nanoparticulate form suitable for direct applications [14].
This novelty of the current study lies in combining silver
recovery with the in-situ stabilization of AgNPs using
natural organic matter, specifically humic acid (HA) and
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fulvic acid (FA). The resulting stabilized AgNPs are
particularly valuable for direct applications, especially for
antimicrobial use, given the well-documented broad-
spectrum antimicrobial properties of silver nanoparticles
[15, 16]. These organic compounds, rich in functional
groups, provide an eco-friendly stabilization route,
supporting the creation of AgNPs with enhanced dispersion
and stability, a feature often overlooked in previous work
[17]. This dual recovery and stabilization approach
represents a green chemistry solution that integrates waste
valorisation with nanoparticle synthesis and provides a
pathway to reduce the environmental impact of AgNP
production.

The strong antimicrobial properties of AgNPs are well-
recognized; however, consistent stability and bioavailability
in real-world applications continue to be limiting factors.
The present study addresses this gap by harnessing the
unique structural and functional properties of HA and FA to
not only stabilize but also potentially augment the
antimicrobial efficacy of AgNPs. This work contributes to
the field by filling research gaps in nanoparticle recovery
from waste materials with integrated stabilization using
natural compounds, highlighting a practical, low-cost, and
sustainable method for developing multifunctional AgNPs
suitable for medical and environmental applications. This
work thus opens up new possibilities for sustainable AgNP
synthesis, contributing to both waste management and
antimicrobial material innovation.

2. MATERIALS AND METHOD

2.1 Materials

The reagents used in this study were commercially
sourced and used as received, with no further purification:
D-(+)-Glucose monohydrate (Ce¢H 206 H,0, Zhengzhou
Alfa Chemical, China), Humic acid sodium salt (Technical,
Zhengzhou Alfa Chemical, China), absolute ethanol
(99.9%), and sodium hydroxide (flakes, Sigma-Aldrich, =
98.0%). De-ionized water (18 MQ) was supplied by Pascal
Scientific, Nigeria. Used x-ray photographic films were
graciously received from Ondo State Specialist Hospital,
Ikare-Akoko, Ondo State, Nigeria.

2.2 Material Preparation
2.2.1 Processing of x-ray photographic films

The used x-ray films were cleaned by washing under tap
water, followed by distilled water to remove the surface dirt
and contaminants, then dried using a clean paper towel. To
eliminate residual organic impurities, the films were soaked
in ethanol for 2 min, effectively removing oils and organic
residues. After cleaning, the films were cut into uniform
strips measuring approximately 2 cm x 2 cm before
undergoing further extraction and leaching of the gelatin
silver layers.

2.2.2 Preparation of AgNPs from x-ray films using NaOH

To obtain uncoated AgNPs from the used X-ray films, 10
g of X-ray films were dispersed in NaOH solution (100 mL,
1.5 M) and the resulting mixture was heated to 90 °C for 30
min. The complete leaching of Ag from the X-ray films was
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indicated by a colour change in the gelatin films from black
to clear blue, indicating the complete dissolution of the
silver layers and the formation of AgNPs [18]. After cooling
to room temperature, the clear X-ray films were removed
from the solution, and the AgNPs were recovered by
centrifugation, followed by repeated washing with ethanol,
dried overnight at 40 °C, and then grounded to powder.

2.2.3 Preparation of humic or fulvic acid-stabilized AgNPs
from x-ray films

The procedure for preparing HA/FA-stabilized AgNPs
through the reduction of Ag layers on the X-rays with NaOH
as a reducing agent and HA/FA as a capping agent was
adapted from previous work [19]. First, 10 g of X-ray films
were dispersed in NaOH solution (1.5 M, 100 mL) and
heated to 90 °C for 30 min. HA or FA (5 g) was then added
to the mixture, and the mixture was heated for an additional
1 h. During this time, the colour changed from grey to dark
brown, indicating the successful formation of HA or FA-
stabilized AgNPs. The solution was allowed to cool down
to room temperature and the clear x-ray films were removed
from the solution, and the stabilized AgNPs were recovered
by centrifugation, followed by repeated washing with
ethanol, and then dried overnight at room temperature to
yield powdered HA or FA-stabilized AgNPs.

2.3 Material Characterization

Fourier-transform infrared (FTIR) spectroscopy analysis
was performed using a Thermo Fisher spectrophotometer
with KBr pellet preparation. Sample morphology and
elemental composition were characterized by scanning
electron microscopy (SEM, XL 30 FEG ESEM) coupled
with energy-dispersive X-ray spectroscopy (EDAX). X-ray
diffraction (XRD) patterns were obtained using a Rigaku
MiniFlex 600 system, with data collection from 5° to 70° 26
at a scan rate of 1 °/min. Measurements employed a 2.5 s
step time, 6.0 mm slit width, and samples mounted on zero-
background silicon wafer slides.

2.4 Antimicrobial Activity of the Recovered Silver NPs

Six  bacterial  cultures:  Staphylococcus  aureus,
Pseudomonas aeruginosa, Streptococcus pneumoniae,
Klebsiella pneumoniae, Escherichia coli, and Proteus
mirabilis were obtained from the Microbiology Laboratory,
Federal Polytechnic Ado-Ekiti, Ekiti State, Nigeria. The
antimicrobial efficacy of pure and HA- or FA-stabilized
AgNPs against the bacterial isolates was investigated using
the nutrient agar well diffusion method. The nutrient agar
medium was thoroughly mixed to ensure complete
dissolution of its components and then sterilized by
autoclaving at 120 °C for 15 minutes. After sterilization, the
medium was cooled below 50 °C before being dispensed
into sterile petri dishes, where it was left to solidify at room
temperature before bacterial inoculation. A standardized
suspension of each test organism was evenly spread onto the
solidified agar plates. Using a sterile 6 mm cork borer,
uniform wells were aseptically punched into the agar. Each
well was then filled with either pure AgNPs or HA-/FA-
stabilized AgNPs at varying concentrations (0.2, 0.4, 0.6,
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and 0.8 g per 4 mL distilled water), while distilled water
without AgNPs served as the negative control. The plates
were incubated for 24 hours at 35 °C, after which the
inhibition zones (in millimetres) were measured to
determine the antimicrobial activity.

3. RESULTS AND DISCUSSION

3.1 Scanning Electron Microscopy

The surface imaging and morphological characterization
of pure and HA- or FA-stabilized AgNPs were conducted
using scanning electron microscopy, with results presented
in Figure la-b. The SEM image of pure AgNPs shows
coarse, distinct aggregates with particles of varying sizes
and shapes, clumping together to form large clusters, Figure
la. Both the HA- and FA-stabilized AgNPs reveal spherical
nanoparticles embedded within a network of large organic
molecules, displaying flocculent layers and large surface
porosity, Figure 1b and c. The HA-stabilized AgNPs appear
to be encased in a uniformly spongy, jelly-like organic
structure, Figure 1c, while the FA-stabilized AgNPs exhibit
smaller, well-distributed nanoparticles with a more clumped
appearance, Figure 1b. Similar report has also been
documented [20].

Figure 1: SEM imags of () bare AgNPs, b) FA capped
AgNPs, and (c) HA capped AgNPs

3.2 Functional Group Analysis by FTIR

The surface functionalities of as-synthesized AgNPs and
HA/FA-stabilized AgNPs were analysed using FTIR,
Figure 2. Pure AgNPs exhibit a broad absorption band
around 3450 cm™!, indicating the presence of -OH groups
from adsorbed water molecules. The FTIR spectra for
HA/AgNP and FA/AgNP reveal similar vibrational bands,
suggesting that both HA and FA contain similar functional
groups. Characteristic bands observed in the spectra of
FA/AgNP and HA/AgNP include 3297, 1657, 1555, 1422,
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1367, 1180, and 1047 cm™, which correspond to -OH
stretching (from phenolic and carboxylic groups), -C=0
stretching, -C=C (aromatic conjugated double bond), -C—-C
(aromatic), CH (aromatic) bending, and C-O stretching
vibrations (of ethers, polyols, and esters) [21, 22]. Notably,
the FA/AgNP spectrum exhibits more intense vibrational
peaks, indicating a higher concentration of oxygen-
containing functional groups on its surface compared to
HA/AgNP. This suggests slight variations in their structures
and implies that FA may have a greater potential to bind
with metallic species than HA.

Transmittance

R i

-COOH/OH

1000 1500 2000 2500 3000 3500 4000
Wavenumber

Figure 2: FTIR spectral of (a) bare AgNPs, (b) FA capped
AgNPs, and (c) HA capped AgNPs

3.2 X-ray Diffractometer (XRD)

The phase crystallinity and formation of the synthesized
samples were analysed by powdered XRD, as shown in
Figure 3a-c. The x-ray diffraction pattern of pure AgNPs
displays high crystallinity, with distinct peaks at 26 values
of 38.4° (111), 44.5° (200), and 64.8° (220). These peaks
are also present in the crystal patterns of HA/AgNPs and
FA/AgNPs, indicating that the crystal structure of AgNPs is
preserved in the composites. Additionally, other sharp
diffraction peaks observed in the HA/AgNPs and
FA/AgNPs patterns are attributed to inorganic and mineral
components within the NOM, such as silica, kaolinite, and
calcite. Slight variations in diffraction patterns between
HA/AgNPs and FA/AgNPs suggest differences arising from
the structural characteristics of HA and FA. Similar report
has also been documented [23].
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Figure 3: XRD pattern of (a) bare AgNPs, (b) FA capped
AgNPs, and (c) HA capped AgNPs

Table 1: Antibacterial activities of fulvic acid/AgNPs from
used x-ray film

Zone of inhibition (mm)

. 02 | 04 | 06 | 08
Bacterial g/mlL | g/mL | gmL | g/mL Control
Escherichia | 1 60 | 1300 | 18.00 | 30.00 | 0.00

coli
Pseudomonas

! 11.00 | 15.00 | 15.00 | 18.00 | 0.00
aerugmosa
Klebsiella 11.00 | 15.00 | 17.00 | 20.00 | 0.00
pneumoniae
Proteus 10.00 | 12.00 | 15.00 | 16.00 | 0.00
mirabilis
Streptococcus | 4 661 3000 | 37.00 | 39.00 | 0.00
pneumoniae
Staphylococcus

9.00 | 15.00 | 18.00 | 20.00 | 0.00
aureus

Table 2: Antibacterial activities of humic acid/AgNPs from
used x-ray film

Zone of inhibition (mm)

. 02 | 04 | 02 | 08
Bacterial gmL | gmL | gmlL | g/mL Control
Escherichia | »5 50 | 2500 | 3000 | 35.00 | 0.00

coli
Pseudomonas | 5 | 5600 | 28.00 | 25.00 | 0.00
aeruginosa
Kiebsiella 10.00 | 11.00 | 13.00 | 16.00 | 0.00
pneumomae
Proteus 19.00 | 25.00 | 26.00 | 31.00 | 0.00
mirabilis
Streptococcus | 1) 56 | 1500 | 16.00 | 2000 | 0.00
pneumoniae
Staphylococcus | ¢ o | 2100 | 25.00 | 27.00 | 0.00
aureus
https:/ /doi.org/10.53982 / ajeas.2025.0301.02-]
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Table 3: Antibacterial activities of pure AgNPs from used
x-ray film

Zone of inhibition (mm)
. 02 | 04 | 02 | 08
Bacterial
g/mL | g/mL | g/mL | g/mL Control
Escherichia coli | 11.00 | 12.00 | 14.00 | 16.00 | 0.00
Pseudomonas |5 4 | 1600 | 1500 | 2000 | 0.00
aerugmosa
Klebsiella 11.00 | 13.00 | 18.00 | 23.00 | 0.00
pneumomae
Proteus 12.00 | 16.00 | 17.00 | 20.00 | 0.00
mirabilis
Streptococcus |16 56| 1500 | 14.00 | 19.00 | 0.00
pneumomae
Staphylococcus | 100 1 1100 | 19.00 | 25.00 | 0.00
aureus

3.3 Antibacterial Studies

The antibacterial activities of silver nanoparticles
(AgNPs) synthesized from used X-ray film reveal
significant information into their effectiveness against
various bacterial strains. The data illustrate the zones of
inhibition (in millimeters) for different concentrations of
fulvic acid/AgNPs (Table 1), humic acid/AgNPs (Table 2),
and pure AgNPs (Table 3) against several bacterial
pathogens, including E. coli, P. aeruginosa, K. pneumoniae,
P. mirabilis, S. pneumoniae, and S. aureus.

In Table 1, the antibacterial activities of fulvic
acid/AgNPs are presented, showing a notable increase in the
zone of inhibition with rising concentrations. For instance,
E. coli exhibited a zone of inhibition that increased from 10
mm at 0.2 g/mL to 30 mm at 0.8 g/mL. This significant
increase confirms the effectiveness of fulvic acid/AgNPs in
combating this common pathogen, which is often associated
with gastrointestinal infections and other health issues [24].
Similarly, S. pneumoniae showed an impressive increase
from 34 mm at 0.2 g/mL to 39 mm at 0.8 g/mL (Figure 4),
indicating that this formulation is particularly potent against
this bacterium. The results indicate that the antibacterial
efficacy of these nanoparticles is concentration-dependent,
with higher concentrations generally yielding larger zones
of inhibition. For instance, the fulvic acid/AgNPs exhibited
a maximum zone of inhibition of 39 mm against
Streptococcus pneumoniae at a concentration of 0.8 g/mL,
which is notably higher than the control (0 mm). The results
also indicate that while some bacterial strains, such as P.
aeruginosa and K. pneumoniae, displayed moderate
increases in inhibition zones, they did not reach the same
levels as E. coli or S. pneumoniae. For instance, P.
aeruginosa showed a maximum zone of 18 mm at 0.8 g/mL
(Table 1 and Figure 4), which is significantly lower than the
inhibition observed for E. coli and S. pneumoniae. This
variation in susceptibility may be attributed to differences
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in cell wall structure and permeability among the bacterial
strains, with Gram-negative bacteria generally exhibiting
more resistance due to their outer membrane [25]. This
suggests that the combination of fulvic acid with AgNPs
enhances their antibacterial properties, likely due to the
synergistic effects of the organic compound and the
nanoparticles [26].

Table 2 presents the antibacterial activities of humic
acid/AgNPs, which also demonstrate a clear concentration-
dependent effect. Notably, Escherichia coli showed a
remarkable inhibition zone of 35 mm at 0.8 g/mL, which is
significantly higher than the maximum observed for the
same bacterium when treated with fulvic acid/AgNPs. This
suggests that humic acid may enhance the antibacterial
properties of AgNPs more effectively than fulvic acid in
certain contexts. The consistent performance of humic
acid/AgNPs across various concentrations indicates its
potential as a reliable antimicrobial agent. The performance
against S. aureus also reflects the effectiveness of humic
acid/AgNPs, with inhibition zones increasing from 18 mm
at 0.2 g/mL to 27 mm at 0.8 g/mL. This improvement in
antibacterial activity with increased concentration aligns
with findings from other studies [27, 28]. The ability of
humic acid to stabilize AgNPs and enhance their interaction
with bacterial cells likely contributes to this observed
increase in antibacterial activity [27].

In contrast, humic acid/AgNPs (Table 2) also
demonstrate substantial antibacterial activity, with the
highest inhibition zone of 35 mm against E. coli at 0.8 g/mL
(Figure 5). This performance indicates that humic acid,
similar to fulvic acid, can effectively stabilize and enhance
the antibacterial properties of AgNPs [29, 30]. The
comparative analysis of these two types of nanoparticles
suggests that while both fulvic and humic acids contribute
positively to the antibacterial activity of AgNPs, the specific
interactions and mechanisms may differ, warranting further
investigation into their respective roles in enhancing AgNP
efficacy.

Table 3 illustrates the antibacterial activities of pure
AgNPs, which, while effective, show less pronounced
increases in inhibition zones compared to the formulations
with humic and fulvic acids. For example, Escherichia coli
exhibited a maximum inhibition zone of only 16 mm at 0.8
g/mL (Figure 6), which is significantly lower than the zones
observed with both humic and fulvic acid formulations. This
suggests that the presence of organic compounds plays a
crucial role in enhancing the antibacterial efficacy of
AgNPs. The data for Staphylococcus aureus also reflect this
trend, with pure AgNPs achieving a maximum inhibition
zone of 25 mm at 0.8 g/mL, compared to the 27 mm
achieved with humic acid/AgNPs. This indicates that while
AgNPs alone possess antibacterial properties, their
effectiveness can be significantly enhanced through the use
of stabilizing agents like humic and fulvic acids, which may
facilitate better dispersion and interaction with bacterial
cells.

When examining the pure AgNPs (Table 3 and Figure 6),
it is evident that their antibacterial activity is generally
lower than that of the formulations with humic or fulvic
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acid. For example, the maximum zone of inhibition for S.
pneumoniae is only 25 mm at 0.8 g/mL, which is
significantly less than the 39 mm observed with fulvic
acid/AgNPs. This disparity shows the importance of the
stabilizing agents in enhancing the antibacterial properties
of AgNPs [31, 32]. The lower effectiveness of pure AgNPs
may be attributed to their tendency to aggregate, which
reduces their surface area and, consequently, their
interaction with bacterial cells [33].

The findings highlight the potential of using waste
materials, such as used X-ray film, as a source for
synthesizing AgNPs. This approach not only provides an
eco-friendly method for producing antibacterial agents but
also addresses waste management issues associated with
medical imaging [34, 35]. The utilization of such biogenic
synthesis methods can lead to cost-effective and sustainable
production of AgNPs, which can be particularly beneficial
in developing countries where access to advanced
nanotechnology may be limited [36].

b N T e
Figure 4: Showing zone of inhibition of varying
concentration of fulvic acid/AgNPs from used x-ray film
against (a) K.pneumoniae (b) S. aureus (c) P. aeruginosa
(d) E. coli
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<

Figure 5: Showing zone of inhibition of varying
concentration of humic acid/AgNPs from used x-ray film
against (a) K. pneumoniae (b) S. aureus (c) P. aeruginosa
(d) E. coli

Figure 6: Showing zone of inhibition of varying
concentration of AgNPs from used x-ray film against (a)
K.pneumoniae (b) S. aureus (c) P. aeruginosa (d) E. coli

4. CONCLUSION

The recovery and stabilization of AgNPs from used x-ray
photographic films offer a sustainable and cost-effective
pathway for nanoparticle synthesis with high antimicrobial
efficacy. The incorporation of humic acid (HA) and fulvic
acid (FA) as stabilizing agents significantly enhanced the
biological activity of the AgNPs compared to uncoated
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AgNPs. The SEM micrographs revealed that HA- and FA-
capped AgNPs exhibit a porous structure, which facilitated
better interaction with bacterial cells compared to AgNPs.
FTIR confirmed the presence of abundant functional groups
from HA and FA. XRD analysis showed that while all
AgNPs retained their crystalline nature, the HA/FA coatings
introduced additional phases linked to the organic
stabilizers, which may enhance biocompatibility and
interaction with bacterial surfaces. The superior
antimicrobial activity of stabilized AgNPs arises from
improved surface properties, synergistic action, and
enhanced bioavailability. The organic acids themselves
possess inherent antimicrobial properties, which synergize
with the bactericidal activity of AgNPs, leading to greater
inhibition zones. The synthesized AgNPs penetrate bacterial
cell walls more efficiently, disrupting cellular functions
through mechanisms such as reactive oxygen species
generation and membrane damage.
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