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Abstract: Silver nanoparticles (AgNPs) can be produced safely and greenly using water hyacinth,
an invasive aquatic plant, as a reducing agent. This study aimed to optimize the UV-irradiation
parameters for the synthesis of AgNPs from water hyacinth leaf extract. The study varied the reaction
time and pH levels and added a stabilizing agent to the mixture. The synthesized AgNPs were
characterized using UV-visible spectroscopy (UV-vis), transmission electron microscopy (TEM), X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and inductively coupled plasma
optical emission spectroscopy (ICP-OES). The findings revealed that the optimal conditions for
synthesizing AgNPs were achieved by adjusting the pH level to 8.5, adding starch as a stabilizing
agent, and exposing the mixture to UV-A radiation for one hour. These conditions resulted in the
smallest size and highest quantity of AgNPs. Furthermore, the synthesized AgNP colloids remained
stable for up to six months. This study highlights the potential of utilizing water hyacinth as a
sustainable and cost-effective reducing agent for AgNP synthesis, with potential applications in
pharmaceuticals, drug development, catalysis, and sensing detection.

Keywords: green synthesis; silver nanoparticles; surface plasmon resonance; UV irradiation; water
hyacinth

1. Introduction

In recent years, nanoparticles have obtained remarkable attention due to their ex-
clusive properties and potential utilization [1] in various fields, including medicine [2],
cosmetics [3], textiles [4], engineering, catalysis [5], and environmental remediation [6,7].
Among the various types of nanoparticles, silver nanoparticles (AgNPs) have been ex-
tensively investigated because of their excellent optical [8], electrical [9], and biological
properties [10–13]. However, the traditional methods for AgNP synthesis use toxic chemi-
cals [10,14] and solvents, which pose a significant threat to the environment and human
health [14–16].

AgNPs can synthesized using physical, chemical, and biological approaches [10,17].
The first two methods are expensive and require high energy inputs, temperatures, and
pressures [10]. Moreover, the chemicals used for nanoparticle synthesis and stabilization are
toxic and lead to non-ecofriendly by-products [18]. In contrast, the biological method [19]
using microorganisms [20], algae [21,22], or plant extracts [23–26] to generate nanoparti-
cles in the same way that they are produced in nature is much cleaner and is friendly to
the environment. However, synthesis via plant-based methods is faster and easier than
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microorganism-based synthesis because it doesn’t contain the risk of microbial contam-
ination [20,27,28]. Therefore, an interest in preparing AgNPs using the green synthesis
method has been increasing in recent years [12,29–35].

Recent research has explored the synthesis of AgNPs using a wide variety of plant
parts, leveraging their inherent reducing and stabilizing properties. Various studies have
demonstrated the successful synthesis of AgNPs using extracts from the leaves, stems, roots,
and fruits of numerous plants. For instance, extracts from the leaves of Azadirachta indica
(neem) [36] and Mangifera indica (mango) [37] have been utilized for their high content of
reducing sugars and polyphenols, which facilitate the reduction of silver ions to AgNPs.
Similarly, root extracts of Beta vulgaris (beetroot) [38] and fruit extracts of Musa paradisiaca
(banana) [39] have been employed, demonstrating the versatility of different plant parts in
the green synthesis of nanoparticles.

The term ‘green’ highlights the utilization of plant-based materials in the production
of nanoparticles. In this context, water hyacinths (Eichhornia crassipes) present a unique
opportunity. Known for their rapid growth and invasive nature, water hyacinths pose
significant environmental challenges by clogging waterways and depleting oxygen levels
in aquatic ecosystems [40,41]. Utilizing water hyacinth biomass for the synthesis of AgNPs
not only provides a sustainable and eco-friendly method for nanoparticle production but
also offers a potential solution to mitigate the environmental pollution caused by this
invasive species [42–47]. The abundant polyphenols and flavonoids present in water
hyacinths can act as both reducing and stabilizing agents, making them an ideal candidate
for green synthesis [48]. This approach not only addresses the environmental impact of
water hyacinths but also contributes to the development of cost-effective and sustainable
methods for producing AgNPs with significant antimicrobial properties.

Our work is not the first to use water hyacinth to synthesize AgNPs. Many researchers
have previously used water hyacinth for this purpose [42,43,49,50]. However, their methods
differ from ours. Other researchers used heating as a catalyst in the AgNP synthesis process,
which takes several hours to form nanoparticles with sufficient antibacterial properties,
typically between 3–50 h. Additionally, the synthesized AgNPs in their studies have a large
size range of 16–240 nm [42,43,49,50]. The size-dependent properties of AgNPs influence
their effectiveness, with smaller nanoparticles generally being more effective due to their
higher surface area and reactivity. Among these, spherical nanoparticles with the smallest
size exhibit the strongest antibacterial action compared to triangular and larger spherical
shapes [51,52]. For excellent antibacterial properties, AgNPs should have a spherical shape
and an average diameter in the range of 1–10 nm, as these provide the best antibacterial
efficiency and can directly destroy cell surfaces [53,54].

To address these challenges, we chose to study water hyacinth in depth and improve
the upscaling process to produce AgNPs more efficiently. Our synthesis process is shorter
and faster, and the AgNPs can be applied in medicine, as antibacterials, and as sensors.
Moreover, no other research has demonstrated that the shelf life of AgNPs can be longer,
more effective, or more stable than our findings.

This research aimed to study the synthesis of AgNPs from water hyacinth extract using
UV irradiation because specific wavelengths of light can better control the size and shape of
AgNPs compared to the heating method. The energy from light can be directed to a specific
wavelength, aiding in controlling and uniformly reducing the process. Consequently, the
narrower the size distribution of nanoparticles, the smaller they will be. Additionally, the
effect of reaction time was investigated to determine the fastest conditions for synthesis.
Furthermore, no other research has explored the effect of pH, which significantly influences
the size, shape, quantity, and stability of AgNPs. Thus, this research examined different
types of UV irradiation, reaction times, the effect of pH on AgNPs, and the shelf life of
AgNPs to maximize efficiency and stability.

Our study demonstrates that the AgNPs synthesized using our technique exhibit
exceptional long-term stability. Rigorous testing has confirmed that these nanoparticles
maintain their physicochemical properties and antimicrobial efficacy even after six months
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of storage. This prolonged stability is attributed to the effective stabilization provided by the
natural reducing agents and stabilizers derived from water hyacinth plants. The consistent
performance over an extended period underscores the robustness of our synthesis method
and its potential for practical applications in various fields, including the medical and
environmental sectors.

2. Materials and Methods

The water hyacinth plant (Figure 1), collected from a drainage canal in Lak Song, Bang
Khae, Bangkok, Thailand, was used throughout the experiment. The materials used in this
study included silver nitrate (AgNO3) (99.9% purity, Sigma-Aldrich, St. Louis, MO, USA),
water hyacinth leaves (collected from a canal in Bangkok, Thailand), sodium hydroxide
(NaOH) (99.9% purity, Sigma-Aldrich), and starch (Sigma-Aldrich).
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Figure 1. Water hyacinth plant photographs from a drainage canal in Lak Song, Bang Khae,
Bangkok, Thailand.

2.1. Green Synthesis of AgNPs

The green synthesis of AgNPs was meticulously carried out using water hyacinth leaf
extract as a reducing agent. The extract was prepared by washing the leaves with distilled
water and drying them in the surrounding circumstances for 24 h. Then, the dried leaves
were ground into a fine powder and mixed with deionized water at 1:10 (w/v). The mixture
was heated at 100 ◦C for 30 min and filtered through a Whatman filter paper to obtain the
water hyacinth leaf extract.

To synthesize AgNPs, a 10 mM AgNO3 solution was prepared by dissolving AgNO3
in deionized water. This solution was mixed with the water hyacinth leaf extract at a ratio
of 1:1 (v/v). The mixture was stirred for 1 h at room temperature to allow for the reduction
of Ag+ ions to Ag0. The mixture was exposed to UV-A radiation (365 nm) for one hour to
speed up the reaction.

2.2. Optimization of Conditions for Synthesized AgNPs

To optimize the UV-irradiation parameters for the green synthesis of AgNPs, the
reaction time, pH levels, and addition of a stabilizing agent were varied. The reaction
time was varied from 5 to 60 min, and the pH levels were adjusted using NaOH and HCl
solutions. The addition of starch as a stabilizing agent was also tested.

2.3. Characterization of AgNPs

The synthesized AgNPs were characterized using UV-vis, TEM, XRD, FTIR, and ICP-
OES. UV-vis was used to determine the absorbance spectra of the synthesized AgNPs,
and TEM was used to determine the size and morphology of the particles. XRD was
used to determine the crystalline structure of the generated AgNPs. FTIR was employed
to comprehend the AgNP synthesis mechanism. ICP-OES was used to determine the
concentration of Ag in the synthesized AgNPs.
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2.4. Statistical Analysis

The statistics used to describe the finding included mean ± standard deviation, one-
way analysis of variance (ANOVA), and Tukey’s post-hoc test. The hypothesis test is
considered statistically significant when the p-value is less than 0.05.

3. Results and Discussion
3.1. Effect of UV-Irradiation Parameters on AgNP Synthesis

Figure 2 shows the UV-vis spectra of the sample solutions with and without UV
exposure. The x-axis represents the wavelength of light in nanometers (nm), and the y-axis
represents the absorbance intensity. The red line represents the sample solution containing
only water hyacinth leaf extract, which was used as a blank for comparison. The black line
represents the sample solution containing water hyacinth leaf extract and AgNO3 solution
without pH adjustment and UV exposure. The pink line represents the sample solution
containing water hyacinth leaf extract and AgNO3 solution without pH adjustment but
with UV exposure.
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Figure 2. Spectrum of the UV light absorption of sample solutions with and without UV exposure for
1 h.

The figure shows that the sample solution with UV exposure has a higher absorbance
intensity than the solution without, indicating that UV radiation helped increase the
quantity of AgNPs synthesized. The absorbance peak at around 430 nm in the pink line
indicates the presence of AgNPs in the sample solution. The blank sample solution (red
line) shows no significant absorbance peak, indicating the absence of AgNPs.

Figure 3 shows the color change of the sample solution before and after UV radiation
exposure. Panel (a) shows the color of the mixed solution before the reaction, which is
light yellow. Panel (b) shows the color of the AgNPs colloid after 1 h of exposure to UV
radiation, which is dark brown.
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Figure 3. Colors of sample mixtures at the baseline: (a) Water hyacinth leaf extract and (b) after 1 h of
exposure to UV radiation.
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The formation of AgNPs in the reaction mixture is reflected in the color change of the
mixture from light yellow to dark brown. This outcome was due to the surface plasmon
resonance (SPR) effect, a metallic nanoparticle characteristic. The SPR effect occurs when the
electrons on the surface of the nanoparticles are excited by incident light, causing a collective
oscillation of the electrons and resulting in light absorption at a specific wavelength. In the
case of AgNPs, the SPR effect occurs at around 430 nm, consistent with the UV-vis spectra
shown in Figure 4.
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Figure 4. Images showing the color of the colloidal AgNP suspensions after exposure to UV-A light
for varying reaction times and the absorbance intensity of the sample mixture were exposed to UV-A
light under a variation of reaction times.

The change in color, from the initial light yellow to the final dark brown, serves as a
powerful visual confirmation of our successful synthesis of AgNPs. This transformation,
brought about by the water hyacinth leaf extract acting as a reducing agent, signifies
the presence of a high concentration of AgNPs in the reaction mixture, a significant step
forward in our research.

3.2. Effect of Reaction Time on Different Types of UV Rays

Our investigation into the impact of reaction time on AgNP synthesis, spanning from
5 to 60 min, yielded intriguing results. We observed that the absorbance intensity of
the synthesized AgNPs increased with longer reaction times, indicating a corresponding
increase in the quantity of AgNPs. However, the size of the AgNPs did not exhibit a
significant change, underscoring the complex nature of this synthesis process and the
importance of reaction time as a variable.

Figure 4 presents the absorbance intensity of the sample mixture exposed to UV-A
light at different reaction times. The spectra are shown for reactions ranging from 5 min to
1 h.

The absorption spectra provide information about the formation and characteristics
of the AgNPs in the reaction mixture. The presence of a peak in the spectra indicates the
presence of AgNPs, and the position and intensity of the peak provide insights into the size
and concentration of the nanoparticles.

Figure 4 shows the images of the color changes of colloidal AgNP suspensions after
exposure to UV-A light for varying reaction times. The images depict the visual color of
the suspensions at different reaction times: 0 min, 5 min, 15 min, 30 min, 40 min, 50 min,
and 1 h. The graph presents the absorbance intensity of the sample mixtures corresponding
to these reaction times, measured in the 300–800 nm wavelength range. The colors in the
absorbance spectra correlate with the reaction times, with light yellow representing 0 min,
brown representing 15 min, and so on.
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Strong evidence for the presence of AgNPs was provided by the color of the colloidal
AgNP suspensions shown in Figure 4, which displayed comparable UV-vis absorption
spectra with an SPR peak at a wavelength of about 430 nm. When the irradiation period
was prolonged, the absorbance intensity increased. This was mostly due to the production
of additional particles with almost identical particle diameter sizes, which corresponded
to the TEM results. These changes in color and absorbance intensity indicate nanoparticle
formation, size variation, or concentration changes.

Figure 5 shows the absorbance intensity of the sample mixtures exposed to UV-B
radiation under variable reaction times. The spectra are shown for reactions ranging from
5 min to 1 h.
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Figure 5. Images showing the color of the colloidal AgNP suspensions after exposure to UV-B light
for varying reaction times and the absorbance intensity of the sample mixture exposed to UV-B light
under a variation of reaction times.

In Figure 5, the spectra show a similar trend to those in Figure 4, with an increase
in absorbance intensity and a shift in the peak position towards a specific wavelength as
the reaction progresses. The color changes in colloidal AgNP solutions exposed to UV-B
light for various reaction times. The pictures show the suspensions’ visual colors at various
reaction times, including 0 min, 5 min, 15 min, 30 min, 40 min, 50 min, and 1 h. The graph
shows the sample mixtures’ absorbance intensity, measured in the 300–800 nm wavelength
range, in relation to these reaction periods. The absorbance spectra’s hues correspond to
the reaction timings: pale yellow denotes 0 min; brown, 15 min; and so forth.

The color of the colloidal AgNP suspensions in Figure 5 demonstrated similar UV-vis
absorption spectra with an SPR peak at around 440 nm, providing compelling evidence
for the existence of AgNPs. The absorbance intensity rose as the irradiation period was
extended. This increase was largely caused by the generation of additional particles, which
matched the TEM results in terms of particle diameter sizes. However, the spectra for
UV-B exposure show a slightly lower absorbance intensity than UV-A exposure, indicating
that UV-A radiation is more effective in synthesizing AgNPs from the water hyacinth
leaf extract.

Figure 6 shows the mixture’s absorbance intensity after exposure to UV-C light at
various reaction times. The spectra are shown for reactions ranging from 5 min to 1 h.

Figure 6, in line with Figures 4 and 5, demonstrates a consistent trend. As the reaction
progresses, there is a noticeable increase in absorbance intensity and a shift in the peak
position towards a specific wavelength. The color alterations of colloidal AgNP solutions
after varying reaction durations under UV-C light. The images display the colors of the
suspensions at different reaction times: 0 min, 5 min, 15 min, 30 min, 40 min, 50 min, and
1 h. The graph displays the absorbance intensity of the sample mixtures in relation to
these reaction times, recorded in the wavelength range of 300–800 nm. The colors of the
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absorbance spectra represent the reaction timings: light yellow indicates 0 min, brown
indicates 15 min, and so on.
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Figure 6. Images showing the color of the colloidal AgNP suspensions after exposure to UV-C light
for varying reaction times and the absorbance intensity of the sample mixture exposed to UV-C light
with variations in reaction times.

Strong evidence for the presence of AgNPs was shown by the color of the colloidal
AgNP suspensions in Figure 6, which displayed comparable UV-vis absorption spectra
with an SPR peak at about 500 nm. As the irradiation period was prolonged, the absorption
intensity increased. The production of additional particles, which matched the TEM data
in terms of particle diameter sizes, was primarily responsible for this increase. Notably, the
spectra for UV-C exposure exhibit the highest absorbance intensity, surpassing that of UV-A
and UV-B light. This underscores the superior efficiency of UV-C light in synthesizing
AgNPs from water hyacinth leaf extract. However, it is worth noting that the spectra for
UV-C exposure also reveal a broader peak, suggesting a wider size distribution of the
synthesized AgNPs. This implies that UV-C radiation may lead to larger AgNPs’ size and
dispersion compared to UV-A and UV-B radiation.

For all of the above, a UV-vis spectrophotometer was used to track the AgNP pro-
duction process. The recorded solution color and absorption spectra of AgNPs, as shown
in Figures 4–6, indicate that the absorbance intensity at λmax increased as exposure time
increased. Additionally, a redshift in the absorbance peak’s wavelength to a longer wave-
length was noted under different UV light conditions (UV-A, UV-B, and UV-C, respectively).
Consequently, both AgNPs and other metal nanoparticles are synthesized. Initially, the
UV-vis spectrophotometer can be used to measure the size and distribution of the particles,
which is confirmed with a TEM to double-check the size of the AgNPs, as discussed in the
following section.

3.3. Characterization of Green Synthesized AgNPs

The TEM image (Figures 7a–9a) provides visual insight into the morphology and
dispersion of the synthesized AgNPs. The image reveals the presence of sphere-shaped
nanoparticles, indicating that the synthesis process resulted in the formation of relatively
uniform nanoparticles.

The corresponding particle size distribution histogram (Figures 7b–9b) provides quan-
titative information about the size distribution of the AgNPs. By analyzing the histogram,
it is possible to determine the average size of the nanoparticles and assess the uniformity of
the size distribution. This information is valuable for understanding the effectiveness of the
synthesis process and for controlling the size of the nanoparticles for specific applications.
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Figure 7. The analysis results from TEM: (a) The image of the colloid AgNPs generated from water
hyacinth leaf extract under 1 h of UV-A light exposure; (b) a histogram of corresponding AgNP
particle size distribution.
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Figure 8. The analysis results from TEM: (a) The image of the colloid AgNPs generated from water
hyacinth leaf extract under 1 h of UV-B light exposure; (b) a histogram of corresponding AgNP
particle size distribution.
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Figure 9. The analysis results from TEM: (a) The image of the colloid AgNPs generated from water
hyacinth leaf extract under 1 h of UV-C light exposure; (b) a histogram of corresponding AgNP
particle size distribution.
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The results from the TEM analysis suggest that the synthesis of AgNPs from water
hyacinth leaf extract with exposure to UV irradiation (UV-A et al.) for 1 h resulted in the
formation of relatively uniform and small nanoparticles, as indicated by the TEM image
and the particle size distribution histogram. This finding is consistent with the previous
results indicating that UV-A, UV-B, and UV-C irradiation and specific reaction conditions
contribute to synthesizing AgNPs with desired characteristics.

Table 1 presents the λmax, FWHM, and average sizes of AgNPs synthesized from water
hyacinth leaf extract exposed to different types of UV radiations, namely UV-A, UV-B,
and UV-C.

Table 1. λmax, FWHM, and average sizes of AgNPs synthesized from water hyacinth leaf extract
exposed to different types of UV radiations.

UV λmax (nm) FWHM (nm) Average Size (nm)

UV-A 430 137.73 12.54 ± 0.19
UV-B 440 143.06 13.14 ± 0.23
UV-C 500 173.54 18.39 ± 0.48

λmax (nm) refers to the wavelength at which the maximum absorbance of the synthe-
sized AgNPs occurs. A statistical metric called full width at half maximum (FWHM) is
used to characterize the width of a Gaussian or normal distribution. In particular, it is the
breadth of a curve, measured between the two points where the curve’s height is half of its
maximum value. The average size of the AgNPs is also provided in nanometers (nm).

The results in Table 1 indicate that the AgNPs synthesized under UV-A irradiation
had the maximum absorption wavelength (λmax = 430 nm) and the smallest average size
(12.54 ± 0.19 nm), and the FWHM was measured to be 137.73 nm. This suggests that UV-A
irradiation produces small and uniformly sized AgNPs most effectively.

On the other hand, the AgNPs synthesized under UV-C irradiation had the maximum
absorption wavelength (λmax = 500 nm) and the largest average size (18.39 ± 0.48 nm), and
the FWHM was measured to be 173.54 nm. This indicates that UV-C irradiation produces
small and uniformly sized AgNPs less effectively.

The effects of different types of UV radiation (UV-A, UV-B, and UV-C) on the synthesis
of AgNPs were studied using water hyacinth leaf extract. The study found that when
AgNPs were synthesized under UV-A irradiation conditions, the absorption intensity at a
wavelength of around 430 nm was higher. This indicated an increased AgNP formation
rate, suggesting that a greater amount of AgNPs could be synthesized. Additionally, the
synthesized AgNPs were smaller and more flexible, with a small size distribution observed
from the relatively low full width at half maximum (FWHM) value. The synthesized
particles had a diameter of 12.54 ± 0.19 nm.

In comparison, AgNPs synthesized under UV-B and UV-C conditions showed absorp-
tion intensities at wavelengths around 440 nm and 500 nm, respectively. The synthesized
AgNPs had diameters of 13.14 ± 0.23 nm and 18.39 ± 0.48 nm, respectively. Therefore, in
this work, UV-A radiation was chosen as the catalyst for the synthesis of AgNPs because it
produced the smallest AgNPs compared to UV-B and UV-C radiation.

In the next section, the effect of the pH of the solution will be studied under appropriate
conditions for the synthesis of AgNPs, with UV-A as the catalyst. The pH of the solution
will also affect the rate of formation, size, and size distribution of AgNPs. When the solution
is alkaline, the AgNP formation rate increases and the synthesized AgNPs are small, with
a narrow size distribution. The optimum solution pH for the method presented in this
work is 8.5. Under these conditions, the synthesized particles are spherical with an average
diameter of 10.60 ± 0.19 nm, and the yield of synthesized AgNPs is as high as 99.87%.

XRD was used to characterize the produced AgNPs further. Figure 10 displays the
XRD pattern. With diffraction peaks at 38.34◦, 44.51◦, 64.65◦, and 77.58◦ in the 2θ range
of 20◦ to 80◦, it displays the distinct peaks of the face-centered cubic (fcc) crystal struc-
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ture (JCPDS 04-0783), which correspond to the (111), (200), (220), and (311) facets of
silver, respectively.
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Figure 11 displays the FTIR spectrum of the water hyacinth leaf extract produced in
this investigation both before and after interactions with AgNO3. Prominent absorption
bands at 1021.28 cm−1, 1637.60 cm−1, and 3443.83 cm−1 were displayed by the AgNPs.
The band’s distance from the C-O stretching ether is approximately 1021.28 cm−1. It
is suggested that phenolic compounds are connected to silver nanoparticles by a band
at 3443.83 cm−1, which can be assigned to OH-stretching vibrations, and a band at
1637.60 cm−1, allocated to OH-bending vibrations [43]. Water hyacinth’s phenolic compo-
nents, which include tannins, flavonoids, and other polyphenolic substances, function as
reducing agents during the AgNP synthesis process [48]. However, after the process was
finished, it was evident that all of the FTIR peaks’ transmission intensities decreased.
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These organic compounds contain one or more phenol functional groups (OH at-
tached to an aromatic ring). Phenolic compounds, including flavonoids, tannins, and other
polyphenolic compounds found in water hyacinth, demonstrate their unique chemical
properties by serving as crucial reducing agents in the synthesis process. These compounds
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play a pivotal role by donating electrons from silver ions (Ag+) to silver atoms (Ag0),
thereby facilitating their reduction to silver nanoparticles (AgNPs). By applying UV light
irradiation to speed up the synthetic reaction, the starch that predominated in the extract
worked as an excellent particle-stabilizing agent in the creation of AgNPs dispersion with
high stability, as depicted in Figure 12.
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Figure 12. Schematic diagram of AgNP formation using water hyacinth leaf extract and AgNO3 solution.

The effect on the absorbance of the synthesized AgNPs of adding a stabilizer (fill
starch) was investigated. The sample solutions were prepared with and without fill starch,
and both were exposed to UV-A for 1 h. The absorbance of the AgNPs was then examined
using UV-vis, and the results are presented in Figure 13.
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The absorbance spectra in Figure 13 show that the sample solution with fill starch had
a higher intensity of AgNPs colloids than the one without fill starch. This result indicates
that adding a stabilizer (starch) increased the quantity of AgNPs synthesized from water
hyacinth leaf extract.

Stabilizers are commonly used in nanoparticle synthesis to prevent aggregation and
improve the stability of the nanoparticles. In this case, adding fill starch as a stabilizer likely
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prevented the AgNPs from aggregating and improved their stability, resulting in a higher
quantity of synthesized AgNPs.

3.4. Effect of pH Levels

In this section, we will examine how pH affects AgNPs’ size by observing size changes
brought on by solution pH changes. The findings of all the TEM measurements of the
produced samples at various pH values are shown in Figure 14. It is evident that the
particle sizes drop and their shapes become more spherical as the pH value rises. Notably,
there is a strong correlation between the absorption spectra of the identical samples and
the TEM imaging results. The majority of the particles produced at low pH levels (4.5 and
5.4) had irregular shapes, as shown in Figure 14. In addition to the unbalanced nucleation
and growth processes, irregularities in the morphology of the particles can be ascribed
to the delayed rate of precursor reduction. Conversely, the AgNPs produced at high pH
(8.5 and 12) are smaller and more regular than the earlier samples produced at lower pH
levels. AgNPs have a spherical form with an average radius of around (10.60 ± 0.19 and
12.56 ± 0.42) nm. The equilibrium between the nucleation and growth processes as well as
the increased rate of reduction of the silver precursor (Ag+) are responsible for the spherical
form of AgNPs.
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Figure 14. Representative TEM images and histogram of size distribution of as-prepared AgNPs
produced under UV-A irradiation for 1 h: (a) pH 4.5; (b) pH 5.4; (c) pH 8.5; (d) pH 12.

Additionally, the addition of starch as a stabilizer for synthesized AgNPs is highly
dependent on the pH of the reaction mixture. At a neutral to slightly alkaline pH, starch
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effectively prevents agglomeration and stabilizes the size and shape of the nanoparticles.
Low-pH conditions reduce the stabilizing efficiency of starch, leading to more agglomera-
tion and less uniform nanoparticles. High-pH conditions, while promoting rapid nucleation,
still benefit from the strong stabilizing effect of starch, resulting in stable and well-dispersed
nanoparticles.

Our investigation involved adjusting the pH levels of the reaction mixture using
NaOH and HCl solutions to study the effect on AgNP synthesis. Interestingly, the pH level
of 8.5 produced the most major and significant quantities of AgNPs.

The sample mixtures were prepared with different pH levels ranging from 4.5 to 12,
and the concentration of Ag in the synthesized AgNPs was measured using ICP-OES.

The outcome indicates that the mixture solution’s pH level significantly impacts the
quantity and size of the synthesized AgNPs. As shown in Table 2, the sample solution with
a pH level of 8.5 generated the smallest size of AgNPs (10.60 ± 0.19 nm) with the highest
quantity (99.87% yield). Meanwhile, the solution with a pH of 12 provided a relatively
small size (12.56 ± 0.42 nm) and a high quantity of AgNPs (96.07% yield), close to the
one with pH 8.5. Therefore, pH 8.5 was recommended in AgNPs synthesized from water
hyacinth extract because the pH value could be adjusted more easily than pH 12.

Table 2. The amount of AgNPs extracted from water hyacinth leaves under UV-A irradiation
conditions for 1 h at different pH levels.

Sample λmax (nm) Average Size (nm) Intensity (a.u.) Yield (%)

UV-A pH 4.5 (starch) 456 25.25 ± 0.70 1.01 86.92

UV-A pH 5.4 (starch) 441 24.74 ± 0.71 1.72 95.61

UV-A pH 8.5 (starch) 420 10.60 ± 0.19 2.66 99.87

UV-A pH 12 (starch) 430 12.56 ± 0.42 2.17 96.07

The finding indicates that the pH level of the reaction mixture significantly affects
the size and quantity of the synthesized AgNPs because the pH level affects the reduction
potential of the reducing agents in the extract, which in turn affects the silver ions’ reduction
rate and the size of the AgNPs. At higher pH levels, the reducing agents are more effective
in reducing the silver ions, resulting in smaller and more uniform AgNPs.

The size of colloidal AgNPs determines their λmax value, with λmax shifting toward
longer wavelengths as AgNPs grow bigger. The results in Table 2 demonstrated that the
λmax of AgNPs corresponded to particle sizes of 25.25 nm, 24.74 nm, 10.60 nm, and 12.56 nm
at pH 4.5, pH 5.4, pH 8.5, and pH 12, respectively. Furthermore, compared to pH 4.5 and
pH 5.4, the AgNPs generated at pH 8.5 had a narrower size distribution (Figure 14). This
can be explained by the fact that in an acidic medium with a higher concentration of H+,
the reduction process of Ag+ to Ag0 is less favorable for the creation of tiny AgNPs.

Furthermore, Table 2 shows that the λmax value peaked at around 456 nm for acidic
conditions (pH 4.5) and blue-shifted toward a shorter wavelength of approximately 420 nm
for alkaline conditions (pH 8.5). This shift suggests that the size of synthesized AgNPs tends
to decrease as the pH value increases. The rapid nucleation process in alkaline conditions
produces a large number of small particles, resulting in smaller AgNPs. Conversely, the
sluggish nucleation rate at acidic pH results in the formation of fewer, larger particles. This
phenomenon has been observed by other research teams as well [55]. The λmax did not
significantly change when comparing pH values of 8.5 and 12; however, the absorbance
band’s FWHM was broader at pH 12 than at pH 8.5, suggesting a wider particle size
dispersion at the higher pH. As a result, it was determined that the ideal pH for the reaction
medium was 8.5.

Moreover, Sun et al. [56] found that chitosan chains break in an acidic aqueous solution,
which may lessen chitosan’s ability to stabilize metallic particles to some extent. A number
of investigations have been conducted recently on the γ-irradiation method of generating
AgNPs in chitosan solution [57–59]; however, the impact of pH has not yet been examined.
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Nonetheless, research has been carried out on how pH affects other stabilizers. For example,
pH 12.4 was shown to be the optimal value for AgNPs production in carboxyl methyl
chitosan solution by Huang et al. [60]. Neutral and acidic media (pH 2–4) were shown to
be favored for the production of Ag clusters on SiO2, according to Ramnani et al. [61].

As a result, pH is crucial for the production of small AgNPs, and the ideal pH range can
change based on the stabilizer agents employed. According to our findings, the synthesis
of small AgNPs is best suited for a slightly alkaline medium (pH 8.5).

After storing the AgNPs for 6 months, we found that their shape and size remained
spherical, with an average diameter of 10.20 ± 0.21 nm, as shown in Figure 15. These
measurements were consistent with the original experimental results, demonstrating the
excellent performance and stability of the AgNPs over a long period of time. The special
properties of the AgNPs were verified using TEM with our current technique.

Nanomaterials 2024, 14, 1018  15  of  19 
 

 

A number of investigations have been conducted recently on the γ-irradiation method of 

generating AgNPs  in chitosan solution  [57–59]; however,  the  impact of pH has not yet 

been  examined. Nonetheless,  research  has  been  carried  out  on  how  pH  affects  other 

stabilizers. For example, pH 12.4 was shown to be the optimal value for AgNPs production 

in carboxyl methyl chitosan solution by Huang et al. [60]. Neutral and acidic media (pH 

2–4) were shown  to be  favored  for  the production of Ag clusters on SiO2, according  to 

Ramnani et al. [61]. 

As a result, pH is crucial for the production of small AgNPs, and the ideal pH range 

can  change  based  on  the  stabilizer  agents  employed. According  to  our  findings,  the 

synthesis of small AgNPs is best suited for a slightly alkaline medium (pH 8.5). 

After storing the AgNPs for 6 months, we found that their shape and size remained 

spherical, with an average diameter of 10.20 ± 0.21 nm, as  shown  in Figure 15. These 

measurements were consistent with the original experimental results, demonstrating the 

excellent performance and stability of the AgNPs over a long period of time. The special 

properties of the AgNPs were verified using TEM with our current technique. 

 

Figure 15. The analysis results from TEM: (a) An image of the colloid AgNPs generated from water 

hyacinth leaf extract after 6 months of UV-A light exposure; (b) a histogram of corresponding AgNP 

particle size distribution. 

Overall, the results suggest that pH level and the addition of capping agents such as 

starch can control the size and quantity of AgNPs synthesized from water hyacinth leaf 

extract.  These  findings  have  practical  implications  for  advancing  the  green  and 

sustainable synthesis of AgNPs with desired characteristics. 

4. Conclusions and Future Directions 

This research presents valuable insights into the optimal conditions for synthesizing 

AgNPs from water hyacinth extract, outlining potential future applications and research 

directions. The conclusions indicate that the optimal conditions for synthesizing AgNPs 

involve adjusting the pH level of the AgNP solution to 8.5, adding starch as a stabilizer, 

exposing the mixture to UV-A radiation, and setting the reaction time to one hour. The 

experimental findings showed  that  these conditions produced AgNPs with an average 

size of 10.60 ± 0.19 nm, with a synthesis yield as high as 99.87%. 

The highlight of this research is the use of UV light as a control in the AgNP synthesis 

process, which offers several benefits:  (1) controllable particle size and distribution;  (2) 

reduced  energy  consumption;  and  (3)  faster  response  time.  The  experimental  results 

demonstrated  that  UV  light  significantly  accelerates  the  AgNP  synthesis  reaction, 

completing the process in  just one hour and reducing the synthesis time by 3–50 times 

after 6 months 

(a) 

2 5 8 11 14 17 20 23
0

5

10

15

20

25

30

35

40

45

50

 

 

D
mean

= 9.8 nm

St. dev.= 3.2 nm

N
um

be
r 

of
 p

ar
tic

le
 (

%
)

Diameter of particle (nm)

(b) 

Figure 15. The analysis results from TEM: (a) An image of the colloid AgNPs generated from water
hyacinth leaf extract after 6 months of UV-A light exposure; (b) a histogram of corresponding AgNP
particle size distribution.

Overall, the results suggest that pH level and the addition of capping agents such as
starch can control the size and quantity of AgNPs synthesized from water hyacinth leaf
extract. These findings have practical implications for advancing the green and sustainable
synthesis of AgNPs with desired characteristics.

4. Conclusions and Future Directions

This research presents valuable insights into the optimal conditions for synthesizing
AgNPs from water hyacinth extract, outlining potential future applications and research
directions. The conclusions indicate that the optimal conditions for synthesizing AgNPs
involve adjusting the pH level of the AgNP solution to 8.5, adding starch as a stabilizer,
exposing the mixture to UV-A radiation, and setting the reaction time to one hour. The
experimental findings showed that these conditions produced AgNPs with an average size
of 10.60 ± 0.19 nm, with a synthesis yield as high as 99.87%.

The highlight of this research is the use of UV light as a control in the AgNP synthe-
sis process, which offers several benefits: (1) controllable particle size and distribution;
(2) reduced energy consumption; and (3) faster response time. The experimental results
demonstrated that UV light significantly accelerates the AgNP synthesis reaction, complet-
ing the process in just one hour and reducing the synthesis time by 3–50 times compared
to traditional methods. Consequently, we chose UV light as a catalyst instead of heat due
to its easier control and greater efficiency. Additionally, the AgNPs colloids remain stable
and effective even after several months. The special properties of AgNPs indicate their
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potential for future applications. We have explored their use as antibacterial agents and
sensors for uric acid detection in our upcoming research.

Furthermore, the research highlights the potential of water hyacinth leaf extract as
a viable and sustainable source for synthesizing AgNPs. Various primary and secondary
metabolites in water hyacinth extract are suggested to contribute to the reduction of
Ag+ ions to Ag0, with the reduction rate increasing upon exposure to UV irradiation.
This environmentally friendly and rapid synthesis method offers promise for addressing
challenges related to aquatic weed management and water pollution.

The future directions outlined in this section emphasize the potential applications of
the synthesized AgNPs, including their use as sensors for uric acid detection in human
serum. This involves a new colorimetric sensor based on AgNPs for detecting uric acid.
The AgNP–uricase sensor offers the benefits of a quick assay without the need for sample
pretreatment and uses inexpensive equipment. Future applications of this sensor will focus
on detecting uric acid in human serum, indicating a promising future for clinical diagnostics.
Moreover, this work paves the way for the development of innovative biomarker-sensing
techniques. Current studies are ongoing, and the results are expected to be presented soon.

In addition to the above, various types of metal nanoparticles, such as silver, gold,
mixed nanomaterials, and nanocomposite materials, can serve as references for the de-
sign and synthesis of different metal nanoparticles. In the future, we may explore their
applications in energy and sensor technologies more deeply, focusing on sustainable and
environmentally friendly energy storage systems [62,63]. This expanded scope of research
promises to enhance our understanding and development of advanced materials for various
technological applications.
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