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Abstract. Ulaanbaatar, the capital of Mongolia, is dealing with significant water pollution due
to rapid urbanization, a dense population, and the widespread use of traditional stoves. With half
of Mongolia's population residing in the capital city, the strain on infrastructure results in
untreated wastewater entering water bodies, emphasizing the urgent need to reduce pollution for
public health and the environment. Our research focuses on utilizing chemical synthesis to
prepare silver nanoparticles (Ag NPs) aimed at reducing pathogenic pollutants in river water.
We investigated the properties and antibacterial activity of the Ag NPs synthesized through the
chemical reduction method of AgNO3 using NaBH4, with polyvinylpyrrolidone (PVP) utilized
as a stabilizer to prevent agglomeration. Characterization was performed using a variety of
analytical techniques, including UV/Vis spectroscopy, X-ray diffraction (XRD), and
NANOPhox particle analysis. The borohydride reduction method yielded Ag NPs with an
average particle diameter of 53.69 nm. The silver nanoparticle solution exhibited a yellow color,
as observed on a UV/Vis spectrophotometer at a wavelength of 389.5 nm. Furthermore, the Ag
NPs demonstrated significant antibacterial activity against Salmonella typhimurium (S.
typhimurium) and drug-resistant Escherichia coli (E. coli) bacteria.

Keywords: chemical reduction, silver nanoparticles, pathogenic pollutants, polyvinylpyrrolidone,
antibacterial activity.
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1. INTRODUCTION

Ulaanbaatar, the capital city of Mongolia, faces significant water pollution challenges,
primarily stemming from rapid urbanization, a dense population, and the extensive use of
traditional stoves in traditional Mongolian house areas. The city's increasing number of people,
which comprises half of Mongolia's residents, is putting a strain on the city's infrastructure and
sanitation facilities. Consequently, untreated wastewater is being released into water bodies.
Effectively reducing water pollution is imperative to safeguard public health and the
environment [1-6]. Mitigating water pollution in Ulaanbaatar is crucial not only for improved
water quality and enhanced environmental health but also as a significant component of global
efforts to address persistent health challenges [4, 5, 7, 8]. The worldwide increase in bacterial
infections and the rise of antibiotic resistance have been identified as significant concerns in
twenty-first-century biomedicine in recent years [9]. Addressing these challenges requires the
research and development of novel antibacterial agents [10]. Nanoparticles (NPs) are considered
a promising alternative to antibiotics due to their high potential to address the issues of
antibiotic resistance [10-14].

Ag NPs are progressively being employed in various fields, including medical, food, health
care, consumer, and industrial purposes, owing to their unique physical and chemical properties.
[10, 15, 16]. Nanoparticle synthesis conventionally relies on three distinct approaches: physical,
chemical, and biological methods. Chemical methods, utilizing water or organic solvents, have
been a common avenue for preparing Ag NPs [17, 18]. This process typically involves three key
components: metal precursors, reducing agents, and stabilizing/capping agents [19]. The "top-
down" approach entails the mechanical grinding of bulk metals, followed by stabilization using
colloidal protecting agents [19, 20]. Chemical methods offer a major advantage in terms of high
yield, contrasting with the low yield associated with physical methods. Achieving Ag NPs with
a well-defined size is challenging, necessitating additional steps to prevent particle aggregation
[21]. Chemical methods encompass a variety of techniques, including cryochemical synthesis,
laser ablation, lithography, electrochemical reduction, laser irradiation, sono-decomposition,
thermal decomposition, and chemical reduction [22-33]. While chemical synthesis offers
advantages such as ease of bulk production, low cost, and high yield [34], various chemical
reducers are employed in the synthesis of Ag NPs. These include sodium borohydride (NaBHy)
[35-39], hydrazine (N2Hs) [40—43], citrate (sodium citrate) [44—50], ascorbic acid (vitamin C)
[47, 48], polyols (tannic acid, plant extracts rich in bioactive compounds [38], and ammonium
hydroxide. Each serves specific roles such as reducing silver ions, stabilizing the synthesis
process, or acting as both reducing and capping agents, with green synthesis methods
increasingly incorporating biocompatible options like ascorbic acid and plant extracts.

In this study, we utilized the chemical reduction method to synthesize Ag NPs with the aim
of reducing pathogenic bacteria in water, particularly targeting infectious gram-negative
bacteria including E. coli and S. typhimurium, which were extracted from river water located in
the main settled area in Ulaanbaatar city center, Mongolia.

2. MATERIALS AND METHODS

This section outlines a comprehensive methodology designed for easy replication, detailing
the synthesis of silver nanoparticles (Ag NPs) utilizing Sigma-Aldrich chemicals,
characterization techniques including UV/Vis spectroscopy and X-ray diffractometry, and
antibacterial testing in Selbe River water (47°53'1.3"N, 106°48'51.8"E, Bayanzurkh district,
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Ulaanbaatar, Mongolia) using diverse media and colloidal silver solutions, ensuring sterile
conditions and clear descriptions of any modifications to established procedures.

2.1. Materials

All chemicals supplied by Sigma-Aldrich were of analytical grade and were used as
received without further purification. Silver nitrate (Sigma-Aldrich, 99.0 %) served as the
precursor for Ag NPs. Sodium borohydride (Sigma Aldrich, 96.0 %) and, as a stabilizing agent,
PVP (Sigma-Aldrich, 99.0 %), were selected, each with an average molecular mass of
40,000 g/mol. Deionized water was used in the experiments, and all glassware was thoroughly
cleaned by rinsing with ultrapure water prior to use.

2.2. Methods

The synthesis and characterization of silver nanoparticles involve a systematic process
utilizing chemical reduction with sodium borohydride and subsequent analysis through UV/Vis
spectroscopy, X-ray diffractometry, and particle size determination techniques.

2.2.2. Synthesis of silver nanoparticles

The process of synthesizing nano-sized silver through chemical reduction with thestrong
reducing agent sodium borohydride began with the preparation of aqueous solutions of 0.001 M
silver nitrate (AgNOs) and 0.002 M sodium borohydride (NaBH4). The experiment was
continued by taking 30 mL of 0.002 M sodium borohydride solution and cooling it to 10 °C in
an ice bath. The cooled solution was stirred at 80 rpm on an MSH-20D magnetic stirrer (Korea),
then 10 mL of 0.001 M silver nitrate solution were added dropwise using a burette. The
resulting solution was then dried using a lyophilizer (FD-12 Lab Freeze Dryer/lyophilizer,
China), yielding the prepared dry sample. The synthesized Ag NPs were stabilized by adding 20
mL of'a 0.3 % PVP solution and stored in a refrigerator at 4 °C for preservation.

2.2.3. Characterization of silver nanoparticles

During the characterization process, a range of analytical techniques were employed,
encompassing UV/Vis spectroscopy, XRD, and NANOPhox particle size analysis. The average
particle diameter, viscosity and refractive index of the synthesized nanoparticles were
determined using a Nanophox NXO0061 instrument (Simpatec, Germany). The UV/Visible
spectra of Ag NPs were recorded using a UV-2550 spectrometer (Shimadzu, Japan) with a 1 cm
path length quartz cell in the range of 200—800 nm. Measurements were conducted immediately
after preparing the Ag NPs and 21 days after synthesis. XRD patterns were obtained using a
MAXima XRD-7000 diffractometer (Shimadzu, Japan) in the 20 range from 30 to 80°,
employing a scan speed of 0.02°/sec, powered by an a-Cu X-ray tube operating at 40 kV and
30 mA.

2.2.4. Antibacterial test

The methodology encompassed river water sampling from the Selbe River according to
standardized protocols, subsequent media preparation, and antibacterial testing involving
bacterial culture in both control and silver colloid solution-amended media, followed by
identification and assessment of bacterial growth rates, ensuring sterility and precise
experimental conditions.
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2.2.4.1. Collecting river water samples

For the research work, samples were taken from the Selbe River in Ulaanbaatar city
following the Mongolian standard MNS 5667-6:2001, which is equivalent to ISO 5667-5:2006,
titled "Water quality - Sampling Part 6: Guidance on Sampling of Rivers and Streams". We
subsequently determined main ions constituents of the water. The results of the Selbe River
water analysis include: NH4™ at 1.3 mg/L, Ca®" at 120.24 mg/L, and Mg?" at 23.085 mg/L,
contributing to a total cation concentration of 144.625 mg/L. The anion concentrations include:
Cl at 76.9265 mg/L, SO4* at 93.82 mg/L, NO; ~at 0.6 mg/L, NO;™ at 72.58 mg/L, and HCO5" at
292.8768 mg/L, resulting in a total anion concentration of 536.8033 mg/L. The Selbe River
water analysis indicates that the water is classified as "moderately hard" according to the World
Health Organization's standards, with calcium carbonate concentrations ranging from 60 to 120
mg/L [68, 69].

2.2.4.2. Media preparation

Meat peptone broth (MPB): For the preparation of MPB, 13 g of nutrient broth, 3 g of
yeast extract powder, and 5 g of peptone were combined in 1 L of distilled water. The pH of the
mixture was adjusted to 7.4 +/- 0.2. The medium was sterilized at 121 °C for 15 minutes.
Finally, a sterile solution of CaCl, (stock solution, 0.02 M) was added to achieve a final
concentration of 0.002 M.

Urinary tract infection (UTI, Product description: 30374, Sigma Aldrich): The agar
medium was prepared by adding 55.4 g of agar to 1 L of distilled water and boiling to dissolve
it completely. Next, the medium was sterilized by autoclaving at a pressure of 1 bar (121 °C) for
15 minutes. The sterile mixture was then cooled to 50 °C and poured into sterile Petri plates.

MacConkey agar (Product number: M8552, Sigma Aldrich): This was prepared by
weighing 40 g of agar, consisting of 20.00 g of peptic digest of animal tissue, 10.00 g of lactose,
5.00 g of bile salts, 5.00 g of sodium chloride, and 0.075 g of neutral red. Thorough mixing was
performed, and the mixture was subsequently dissolved in distilled water to ensure complete
dissolution. The medium underwent sterilization through autoclaving under appropriate
conditions. The final pH of the medium was carefully adjusted to 7.4 = 0.2.

Yeast extract agar (Product description: 01497, Sigma Aldrich): Suspended in 1 L of
purified water were 23 g of the medium, which was heated with frequent agitation and boiled
for one minute to ensure complete dissolution. The mixture was then autoclaved at 121 °C for
15 minutes and subsequently cooled to 45-50 °C.

Brilliant green agar (Code: CM0263, Thermo fisher scientific): 58.09 g were suspended in
1 L of purified/distilled water. The mixture was heated to boiling to ensure complete dissolution
of the medium. Sterilization was performed by autoclaving at 121 °C for 15 minutes. Once
sterilized, the solution was cooled to 45-50 °C, thoroughly mixed, then poured into sterile
Petri plates.

2.2.4.3. Antibacterial test

The antibacterial test initiation involved assessing bacteria in Selbe River water using both
MPB and UTI media. Subsequently, for bacterial detection in a 1 mL water sample, the total
bacterial count was determined by incubating at 37 °C for 24 h. The cultured bacteria were then
selected and underwent additional culturing on various nutrient media, including MPB,
MacConkey, and yeast extract agar, enabling the separate identification of bacteria present in
the water.
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In a parallel procedure, the pre-prepared and frozen MPB, MacConkey, and yeast extract
agar media were thawed in a Petri dish and cooled to 45 °C. Subsequently, 1 mL of the water
sample was added to the thawed media for bacterial culture. Simultaneously, a mixture of 1 mL
of the water sample and 0.0003 mL of the silver colloid solution was prepared and added to the
thawed media. A comparative analysis was then conducted between the media with and without
the addition of the silver colloid solution.

Following this, we identified extracted Gram-negative bacterial strains, focusing on two
common pathogenic bacteria in water, E. coli and S. typhimurium, and S. aureus, E. faecalis,
and coliform bacteria, previously isolated from Selbe River water and cultured in McConkey
medium. Bacterial cultures were exposed to colloidal silver solutions (0.3, 0.5, 1, 3, 5 mL) at
precise concentrations of 5000, 50,000, 500,000, 5,000,000, 50,000,000 cells, respectively, and
then incubated at 37 °C for 24 h. All materials used in experiments involving bacteria were
sterilized, and zeolite was applied immediately after preparation. Variable amounts of Ag
zeolite were then added to the culture, and the colonies were measured over a time course.
Bacterial growth rates were determined by counting the number of surviving colonies on
selected agar.

3. RESULTS AND DISCUSSION

This section explores the synthesis and characterization of silver nanoparticles,
emphasizing the importance of employing protective agents such as PVP for stabilization and
discussing the impact of concentration regulation on antibacterial efficacy.

3.1. Characteristics of Ag NPs and their stability

The Ag NPs were successfully synthesized using the chemical reduction method for
nanoparticle synthesis, utilizing the strong reducing agent NaBH4 in aqueous solutions. The
formation of Ag NPs was confirmed by a change in color from completely colorless to light
orange (yellowish), as shown in Figure la. In aqueous solution, the reduction of silver ions
(Ag") typically results in colloidal silver with a particle diameter of several nanometers [18].
When different complexes are initially reduced with Ag" ions, silver atoms (Ag) are formed,
which then aggregate into oligomeric clusters [39, 40]. These clusters ultimately give rise to the
formation of colloidal Ag NPs [41,42].
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Figure 1. a) Synthesized Ag NPs and b) Structure of Ag NPs in aqueous solution.

532



Combating river pathogens and reducing water pollution in Ulaanbaatar with silver nanoparticles

In the presence of borohydride anions, silver ions in solution are encircled, creating an
ionic circle with a negatively charged surface as shown in Figure 1b [66]. The possibility to
store chemically synthesized NPs for later use is crucial for various applications [65].

The average particle diameter of the synthesized Ag NPs was determined using a
NANOPhox instrument and is shown as 53.69 nm in Figure 2. Additionally, the refractive index
of the colloidal solution containing silver nanoparticles was 1.333, and the viscosity measured
was 0.890 mPa. The silver nanoparticle solution, featuring a refractive index of 1.333, is similar
to that of water at 20 °C. The silver nanoparticle solution exhibits a viscosity of 0.89 mPa,
contrasting with water's viscosity of 1.002 mPa-s at the same temperature. This difference
indicates a lower viscosity for the silver nanoparticle solution, implying reduced resistance
to flow.
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Figure 2. Average distribution and average diameter of synthesized Ag NPs.

In investigating the stability of Ag NPs, the color of the reaction mixture was monitored
and the absorption spectra were measured. The initial orange appearance of the silver colloid
solution was attributed to the influence of the stabilizing PVP reagent as shown in Figure 3a.
The color progressively changed to red during the period of 7 and 21 days, as seen in
Figures 3b to 3d.

a) b) ©) d) €)
Figure 3. Synthesized silver colloid solution is presented at different stages: a) immediately after

synthesis with PVP, b) Ag NPs with PVP after 7, 14 (c), and 21 days (d), and e) Ag NPs without PVP
after 21 days.
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However, if not adding PVP reagent after 21 days, silver was oxidized, black precipitate of
silver oxide was formed, and the filtrate became clear as shown in Figure 3e. The Ag NPs were
not agglomerated, proving that PVP has a stabilizing effect on the solution. This phenomenon is
further clarified by the arrangement of the second bond of the C=0O group of PVP and the pair
of electrons on the outer layer of nitrogen being on the same plane, inducing a mesomeric effect
that results in an increased negative charge on the oxygen atom and a positive charge on the

nitrogen atom (Figure 4a) [43-45].
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Figure4. Effect of PVP in solution and its interaction mechanism with silver colloid during
nanoparticle formation.

The repetitive units within PVP play a pivotal role in stabilizing these nanoparticles,
preventing undesired agglomeration and uncontrolled growth as shown in Figure 4. The
absorption spectrum of the freshly synthesized silver colloid solution reveals a peak light
absorption at a wavelength of 389.5 nm, similar to the results of Mirzaei, as illustrated in

Figure 5a [42-44].
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Figure 5. UV/Vis spectra of Ag NPs: a) Synthesized particles, and b) PVP-stabilized particles.

However, the maximum light absorption gradually shifts to 410.5 nm due to the influence
of the stabilizer and PVP, as shown in Figure 5b. The observed shift in the maximum light
absorption from 389.5 nm to 410.5 nm in the absorption spectrum of the freshly synthesized
silver colloid solution is attributed to factors such as stabilizer influence and chemical
interactions. As shown in Figure 4, which likely elucidates the charge transfer process, it
becomes evident that the multiple repeating polymer units of PVP significantly influence the
interaction between the polymer and the silver nanoparticle surface. This simplicity contributes
to the production of clean and well-defined silver nanoparticle composites. In summary, PVP
acts as a stabilizing agent during the synthesis of Ag/PVP composites, preventing agglomeration
of silver nanoparticles and influencing charge transfer processes [43, 45-47]. The synthesis
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method described offers advantages in terms of simplicity and the elimination of additional
additives, enhancing the appeal of this approach for the fabrication of precisely engineered
silver nanoparticle composites.

3.2. XRD analysis of Ag NPs

The XRD analysis of silver nanoparticles revealed characteristic diffraction peaks
corresponding to the crystalline structure of metallic silver. The phase analysis of the
nanoparticles was determined through XRD, as illustrated in Figure 6. The XRD analysis of
silver nanoparticles exhibited distinct diffraction peaks at 20 values of 38.2, 39.46, 44.3, 64.5,
and 77.8°, corresponding to the (111), (200), (220), and (311) crystallographic planes of
metallic silver (JCDPS File No. 04-0783). All peaks observed in the XRD pattern can be
confidently indexed as a face-centered cubic structure.

The sharp XRD peaks indicate the high crystalline structure of the as-prepared Ag NPs,
and the absence of other peaks attributed to AgNOs3 or other compounds suggests high purity of
the Ag product.
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Figure 6. XRD pattern of Ag NPs.
3.3. Antibacterial activity of Ag NPs

The antimicrobial efficacy of Ag NPs is essential for infection prevention in medical
fields, optimizing public health via hygiene applications, ensuring water sanitation, fortifying
food safety, and aiding in the mitigation of antibiotic resistance. The effective antibacterial
properties of silver nanoparticles allow for efficient bacterial disinfectant and improve the
general quality of water when used in water sanitation. In our study, we assessed the presence of
waterborne bacteria through thorough analyses, further confirming the ability of silver
nanoparticles to reduce microbial contaminants and enhance water safety. In Figure 7, the
common bacteria in the Selbe River are illustrated on MPB medium.
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Figure 7. Total bacteria in water samples cultured in MPB media.

During the cultivation of total bacteria from the water in the nutrient medium, various
bacterial types were observed. E. coli, S. aureus, Enterococcus faecalis (E. faecalis), and
Salmonella typhimurium (S. typhimurium) have been detected in the water of the Selbe River,
prompting concerns about potential health risks associated with fecal contamination and
waterborne pathogens. Blue-purple slimy bacteria, exhibiting a rough texture and existing either
in separated or paired forms resembling E. coli, coexisted with small clear white bacteria,
bipolar single and double coliform bacteria. S. aureus, identified as greenish-blue cocci and
bacilli, was also detected, while E. faecalis, a large white-gray bacterium, was tentatively
considered to be S. typhimurium (refer to Figure 7). After re-inoculating water samples into
McConkey medium, two distinct bacterial phenotypes became apparent. McConkey
characterized the red and opaque colonies as representative of E. coli, while the subsequent
growth, marked by gray and rough colonies, was identified as S. typhimurium. The results
presented in Figure 8 illustrate key findings or observations relevant to the study. Waterborne
infectious diseases are closely related to environmental factors, particularly involving water and
infection. Epidemiological studies of epidemic and endemic outbreaks of gastrointestinal illness
associated with untreated water primarily point to bacteria and viruses, including E. coli, S.
typhimurium, Shigella, and norovirus [48, 49].

Figure 8. Bacterial growth on McConkey medium, with (a) highlighting E. coli bacteria and (b)
portraying S. typhimurium bacteria.

In the medium of yeast extract agar, a small, transparent, pale-gray, slimy bacterium was
identified as S. aureus, as illustrated in Figure 9a. On the brilliant green medium, a small, moist
colony with a yellow to pale yellow base grew, which was identified as S. typhimurium
(Figure 9c). This reconfirmed the growth of S. #yphimurium bacteria grown on McConkey's
medium (Figure 9b).
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Figure 9. a) S. aureus grown on yeast extract agar, b) S. typhimurium bacteria grown in McConkey's
medium, c) S. typhimurium bacteria grown in brilliant green medium.

On brilliant green medium, small moist colonies were isolated with yellow to pale yellow
bases, and the bacteria that grew were pale bacteria with pinkish purple bases. It was identified
as S. typhimurium (Figure 9c). After identifying waterborne bacteria, we specifically chose E.
coli and S. typhimurium for analyzing the health effects of Ag NPs.

E. coli (UTI) E. coli E. coli (Yeast S. typhimurium
extract) (Brilliant green)

Before

After

Figure 10. Antibacterial activity of colloidal silver solution against Selbe river water, compared with
untreated cultures.

E. coli bacteria were cultured in UTI medium, McConkey medium, and yeast extract
medium, while S. typhimurium was cultured in brilliant green medium. The cultures were
incubated for 24 hours at 35 °C. Before the addition of the silver colloid solution to the water,
bacterial growth was observed for both E. coli and S. typhimurium across all media. After the
introduction of the silver colloid solution, no bacterial growth was detected, demonstrating the
solution's effectiveness in eliminating bacteria from the water (Figure 10). The experiment
primarily focused on bacterial cultures in McConkey medium.

Table 1. Relationship between bacterial dose and silver colloid solution concentration.

Volume of Bacterial thickening
the Ag NPs Type of
mL ’ bacteria 5-10° 5108 5107 5106 5-10° 5-10* 5103
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E. coli + + 24 h 8h 4h - -

03 S. typhimurium  + 24 h 8h 4h . }
E. coli + 4h - - - - -

0.5 S. typhimurium — + + 8h ; . - .
E. coli 4h - - - - - -

1.0 S. typhimurium  + + 8h - - - .
20 E. coli 4h - - - - - -
' S. typhimurium  + 8h - - i} . }
30 E. coli 4h - - - - - -
' S. typhimurium 4 h - - - - - -
50 E. coli 4h - - - - - -

S. typhimurium 4 h - - - - - -

+ Resistant strains of E. coli and S. Typhimurium persisted in specific instances within standard samples.
- Complete eradication was observed for both E. coli and S. typhimurium bacteria in standard bacterial samples.

The experimental investigation into the antibacterial activity of varying volumes of Ag
NPs against E. coli and S. typhimurium bacteria revealed distinctive responses. At a
concentration of 0.3 mL, both bacterial strains exhibited positive responses, with bacterial
thickening observed over 24 h for E. coli and 8 h for S. #yphimurium. However, as the
concentration increased, different patterns emerged. For E. coli, higher concentrations (1.0 mL,
2.0 mL, 3.0 mL, 5.0 mL) led to bacterial thickening within 4 h, while S. typhimurium displayed
a similar trend only at 5.0 mL. Interestingly, at 0.5 mL, E. coli showed positive responses within
4 h, while S. typhimurium exhibited bacterial thickening after 8 h. Moreover, concentrations of
1.0 mL and 2.0 mL resulted in bacterial thickening only for S. #yphimurium, indicating
differential sensitivities between the two bacterial strains. Both strains' lack of bacterial
thickening at higher doses implies a potential inhibitory effect on bacterial development. The
various response times and concentration-dependent changes highlight the complexities of the
interaction between Ag NPs and bacteria. This research highlights the importance of properly
regulating Ag NP concentrations to modify antibacterial properties and shows how significant it
is to understand the specific details when implementing antimicrobial applications.

4. CONCLUSIONS

Silver nanoparticles play a crucial role in combating common pathogenic bacteria in water,
and our accomplishment in producing them using the reduction method is a significant step
forward in addressing harmful pathogens in river water. Ag NPs were successfully synthesized
using the chemical reduction method with NaBHj, allowing precise control over particle size
and resulting in Ag NPs with an average diameter of 53.69 nm. The stabilizing agent,
polyvinylpyrrolidone, kept the colloidal solution stable, preventing agglomeration. X-ray
diffraction analysis affirmed the face-centered cubic structure of the Ag NPs, indicating high
crystallinity and purity. The antibacterial activity of Ag NPs against E. coli and S. typhimurium
exhibited concentration-dependent responses, highlighting the intricate interaction between
nanoparticles and bacteria. In conclusion, this research provides valuable insights into the
synthesis, stability, and antibacterial properties of Ag NPs, opening avenues for potential
applications in medicine, water sanitation, and food safety.
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