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Chapter 1 Introduction

1.1 Nanoparticles

Nanoparticles refer to particles that have dimensions in the range of 1 to 100
nanometers. They can be composed of various materials, including metals, ceramics,
polymers, and biological substances, and these tiny particles possess unique properties
and behaviors compared to their bulk counterparts due to their small size and high
surface-to-volume ratio. Compared with general inorganic materials, inorganic
nanomaterials have different optical, electrical, magnetic, thermal, mechanical and
mechanical properties than ordinary materials due to their nanometer size, which can
exhibit surface effect, small size effect, macroscopic quantum tunneling effect and
quantum confinement effect, and therefore have broad application prospects in optical
materials, electronic materials, magnetic materials, thermal conductive materials, high
density materials, etc. Therefore, the preparation of nanoparticle materials has become
a key area of chemical engineering.

Until now, nanoparticles have gained significant attention in various fields, including
medicine, electronics, energy, and environmental science, due to their wide range of

applications and potential benefits.

1.2 Silver Nanoparticles and Synthesis Methods

1.2.1 Application of Silver Nanoparticles

Silver (Ag) is a noble metal with abundant reserves and good physical properties.
Silver has high ductility, electrical and thermal conductivity, and has a wide range of
applications in electronic and electrical appliances, photosensitive materials, chemical
materials and other fields. With the continuous development of nanotechnology, the
good electrical conductivity, thermal conductivity, antibacterial properties, optical
properties and other special properties of nano-silver have been widely developed and
applied.

Silver nanoparticles have distinct physical, chemical and biological properties. It is
widely used in medicine, biosensors, catalyst, electronics, and environmental
remediation. One of the most significant properties of silver nanoparticles is their
antimicrobial activity. The small size of these particles allows them to penetrate
bacterial and fungal cells, leading to their destruction. As a result, silver nanoparticles

are used in a variety of medical and healthcare products, such as wound dressings,



surgical instruments, and antibacterial coatings for medical equipment [1].

Silver nanoparticles are also used in electronics and energy applications due to their
electrical conductivity. They are used in conductive inks, sensors, and catalysts for fuel
cells. Additionally, silver nanoparticles are used in water treatment processes to remove

contaminants such as heavy metals and organic compounds [2].
1.2.2 Synthesis Methods of Silver nanoparticles

Nanoparticles can be produced via different techniques, which can be grouped into
two main categories: bottom-up and top-down methods [3]. That means the
pulverization of raw materials into particles, including Sol-gel, spinning, chemical
vapor deposition (CVD), Physical Vapor Deposition (PVD), pyrolysis and biosynthesis,
and the precipitation of particles from precursors such as ions and molecules, including
Mechanical milling, nanolithography, laser ablation, sputtering and thermal
decomposition (Figure 1.1).

Specifically for nano-silver, the preparation of AgNPs (silver nanoparticles) can be
achieved through different techniques, which are typically classified into three
categories: chemical, physical, and biological methods [4].

It is worth mentioning that the chemical methods have been identified as an efficient,
convenient, and easily manageable approach compared to other methods. Chemical
reduction is commonly used and high productivity with minimal cost can be achieved
using this approach. In chemical reduction, silver ions are reduced to form silver
nanoparticles using a reducing agent such as sodium borohydride [5], citrate [6], or
ascorbic acid. The reaction can be carried out in solution or on a solid support, and the
size and shape of the resulting nanoparticles can be controlled by adjusting the reaction
conditions such as temperature, pH, and concentration of reactants. However, it is
important to note that the chemical reduction method may involve the use of hazardous
chemicals, and the chemical waste solution are harmful to humans.

By physical methods, such as electric energy, light energy, microwave plasma, and
vacuum evaporation-condensation [1], there is no solvent contamination in the process,
and the distribution of synthesized nanoparticles is homogeneous. However, the
physical synthesis of AgNPs also has some disadvantages including high energy
consumption, low production rate and complicated operation.

Biosynthesis of AgNPs using reducing agents like biological microorganism,
polysaccharides, plants extracts, bacteria or fungus is in line with the concept of green
chemistry [7], which do not use pollutants from the source through scientific research
and development. In most cases, silver nanoparticle is one of the recognized particles
with biotic characteristics. In short, biological synthesis method of nano-silver is a cost

effective and an environmentally stable approach but it is difficult to produce
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nanoparticles at a large scale.

1.3 Supercritical Hydrothermal Synthesis

1.3.1 Properties of High-temperature and High-pressure Water

The physical properties of high-temperature, high-pressure water, such as density,
dielectric constant, and ionic product, change drastically and with temperature
manipulation, and the temperature dependence of water properties at 25 MPa is shown
in Figure 1.2.

Water above the critical point (374 °C, 22.1 MPa) is referred to supercritical water,
its density is lower than that of liquid water but is much higher than that of steam [9].
The density of water decreases slowly with increasing temperature and rapidly near the
critical point, such density changes also have a significant effect on the temperature
dependence of the dielectric constant and ion product. The dielectric constant of water
decreases with increasing temperature, and above the critical point, it takes a low value
comparable to that of non-polar solvents. Such a drastic change in permittivity is closely
related to the stability of metal ions and, consequently, to the solubility and the
formation rate of metal oxides. In short, lower dielectric constant and solubility of ions

can lead to hydrothermal reactions with high reaction rates.
1.3.2 Synthesis of Nanoparticles via High-temperature and High-pressure Water

The hydrothermal synthesis method is one of the methods for synthesizing metal
oxides using high-temperature and high-pressure water. Metal ions react with water at
high temperature and pressure to form hydroxides, which are then dehydrated to
produce metal oxide precipitates. Up to now, the synthesis of wide variety of metal
oxide NPs by supercritical hydrothermal method has been achieved [10]. In this method,
metal ions are hydrolyzed in supercritical water to form hydroxides, which are then
dehydrated to metal oxides. The dissolution equilibrium of metal salts shifts toward the
formation of hydroxides and then oxides as the temperature is increased.

M(NO3), + 2H,0 = M(OH), + zHNO; (hydrolysis)

M(OH), = MOM'Z +2H,O(dehydration)

When the concentration of the oxide exceeds the saturation solubility, precipitation
occurs. Generally, precipitation does not occur immediately after the saturated
solubility is exceeded, but only after supersaturation has reached a certain degree of
supersaturation. This precipitation process is nucleation. When nucleation occurs, the

oxide concentration drops rapidly. (Figure 1.3) The greater the degree of



supersaturation, the greater the nucleation rate. Thus, when the degree of
supersaturation is increased, it leads to the formation of a larger number of smaller
nuclei. While the supersaturation will be used to grow the microcrystals after nucleation,
the more small-nuclei produced, the smaller the final particle size produced. And at the
supercritical region, fast reaction rate and low solubility can lead to an extremely high
nucleation rate, which allows the formation of nano-sized particles.

The utilization of water as a solvent in this method is not only cost-effective, but also
highly eco-friendly and non-toxic. In addition, the pressurization allows the use of high
temperatures, which results in oxide particles with good crystallinity. And high-
temperature, high-pressure water has low kinematic viscosity and a large diffusion
coefficient, making it easy to provide a highly uniform reaction field. Furthermore, the
reaction time for synthesizing NPs is also remarkably shorter compared to traditional

wet processes for fine NPs synthesis.
1.3.3 Continuous Supercritical Hydrothermal Synthesis

The basic process of continuous supercritical hydrothermal synthesis is: One material
is mixed with supercritical water preheated to the supercritical state and then meets and
reacts with another material in the reactor. The resulting hydroxide is dehydrated and
precipitates out of solution as nanomaterials driven by very high supersaturation and
finally collected in a collector. The key step of the continuous supercritical
hydrothermal synthesis process is the rapid mixing of supercritical water with low-
temperature metal salt solutions (precursors) in a specific mixer to achieve rapid
temperature rise and rapid reaction using the large specific heat capacity of supercritical
water.

Compared to the batch system, continuous supercritical hydrothermal synthesis (the
flow system) has the following advantages:

(1) High production efficiency. Batch type hydrothermal synthesis units are tedious
in terms of dosing, heating, and product recovery, resulting in low yields and high labor
costs. Continuous supercritical hydrothermal synthesis can achieve continuous
production and collection of target products, so the efficiency is greatly improved.

(2) Particle size is easier to control. Batch type hydrothermal synthesis has a slow
heating rate and the overgrowth of particles is prone to appear during the reaction.
Continuous supercritical hydrothermal synthesis can achieve rapid heating and cooling
of the reaction fluid, resulting in finer nanoparticles with more controllable particle size.

(3) Easy to realize the preparation of functionalized materials. Batch type
hydrothermal synthesis can only mix the materials and heat them at the same time,
while continuous supercritical hydrothermal synthesis is easy to expand to multi-stage

feeding, which can realize the preparation of functionalized nanoparticles such as
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bimetals.

1.4 Stabilizing Agents

The high surface area to volume ratio of the NPs results in high reactivity, which
leads to particle aggregation and settling, thus the protection by a capping agent that
provides colloidal stability through electrostatic or steric repulsion is needed.

Noble metal particles in high ionic strengths or organic-phase suspensions are usually
stabilized by capping agents, including surfactants [12], polymers [13], self-assembled
monolayers [14] or stabilizing ligands [15]. Along with the assistance of a stabilizing
agent, various factors can be influenced, including the long-term stability of metal
nanoparticles, the ability to control the distribution of particle sizes and alter the shape
of nanocrystals [16], and the aggregation of the metal clusters [18].

The conventional method for synthesizing Ag nanoparticles involves reducing Ag*
ions in a liquid medium, such as water or organic solvents, typically with the aid of a
stabilizing agent. It is worth mentioning that the large positive reduction potential of
Ag makes its nanoparticles less susceptible to oxidation, resulting in quite stable
aqueous or alcoholic suspensions without the need of antioxidants. On the other hand,
when the synthesis of Ag particles is carried out in the presence of a capping agent,
different shapes may be formed due to the different affinities of the capping agent
towards the exposed crystal faces [17].

Due to unoccupied orbitals present on the Ag nanoparticle surface, the nucleophiles
can donate the electrons, thereby weakly complexing the Ag particles. This particular
mechanism can be used to stabilize colloidal Ag nanoparticles.

Sodium dodecyl sulfate (SDS), Tween 80 and Polyvinylpyrrolidone (PVP) exhibit
superior stabilization of the silver NPs dispersions against the process of aggregation
[19]. However, the first two stabilizers, although more effective, cannot withstand high
temperatures and therefore cannot be utilized in supercritical hydrothermal synthesis.

As one of the best polymeric stabilizers for Ag nanoparticles in aqueous solutions,
Polyvinylpyrrolidone (PVP) (C¢HoNO), is an inert, non-toxic, temperature-resistant,
pH-stable, biodegradable polymer, its structure is shown in Figure 1.4. In larger
particles (>50 nm), steric effects dominate stabilizing; For particles <50 nm, the main
factor influencing interaction between PVP and Ag is the coordination of N, and O to
Ag. It coordinates to Ag particles via the N or O atoms, and generates a covering layer
on the particle surface which inhibits growth and agglomeration. Due to the higher
capacity of N to donate electrons, the interaction between N and Ag” is more important
than that between O and Ag. And as a stabilizer, it can enhance the antibacterial activity

of the silver NPs in a significant extent, this is because the polymer can stabilize the
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NPs against aggregation. The non-aggregated NPs are able to interact strongly with the
cell wall because of their high surface energy and mobility that are not lowered by the
formation of spacious aggregates. Therefore, Polyvinylpyrrolidone (PVP) can not only
play a role in the synthesis, but also keep the excellent properties of the product.

1.5 Production of silver nanoparticles in supercritical water

1.5.1 Preparation of Metal Nanoparticles in SC-water

The effective production and environmentally benign process of high-quality NPs
are encouraged to be developed in nanotechnology.

Until now, the synthesis of a variety of metal oxide NPs via supercritical
hydrothermal method has been developed. Water, one of the most environmentally
friendly, non-toxic, cheap solvents, is used as the solvent in this method. And in addition,
by SHS, the reaction time required to synthesize NPs is extremely shorter than the any
other conventional wet chemical synthesis process of metal oxide NPs. It would be
compelling development on hydrothermal synthesis method of NPs if the applicability
of this method and its reaction system spread to the metal NPs production.

Because water can catalyze oxidation of metals and water itself can oxidize metals,
it is not so easy to apply supercritical hydrothermal synthesis to the production of metal
NPs. At present, hydrogen is generally used as the reducing agent when preparing metal
nanoparticles. Arita et al. studied the synthesis of metal Ni, Pd, Fe, Cu, and Ag particles
with batch methods, and they used formic acid (HCOOH) additives that decompose to
hydrogen at reaction conditions, as reducing agent [20]. The rationale for designing the
experiment in this way is as follows:

I. Almost all the formic acids decomposed in SC-water condition are converted to H>
and COsz.

II. Formic acid is in the liquid state, it is more convenient to load than H» gas.

III. The equilibrium of WGSR in SC-water is sided to H» generation because of large
excess amount of water molecules.

Although in their experiments, no surface modifier was employed so that the metal
NPs obtained were all agglomerated and aggregated (Even from the TEM image, for
silver, only nano-dendrites are formed instead of nanoparticles), the results confirmed
that zero-valent silver and copper could be synthesized with the supercritical
hydrothermal synthesis method.

Shigeki Kubota et al. referred to Arita's research, adopted formic acid as a reducing
agent to synthesize Copper nanoparticles by continuous supercritical hydrothermal
method, with copper formate tetrahydrate as the precursor of Cu [21]. In their



experiments the zero-valent Cu nanoparticles were formed, which had particle size of
17-42 nm, were spherical in shape and contained no oxide contaminants.

Also using formic acid as a reducing agent, Gimyeong Seong et al. successfully
synthesized highly crystalline cobalt nanoparticles with low surface oxidation via
supercritical hydrothermal process in the temperature range of 340~420 °C [31]. In
their experiments, pure Co was only obtained when the molar ration of formic acid to

cobalt salt was above a certain value.
1.5.2 The Silver Nanoparticles Prepared in SC-water

In the past, some studies on the synthesis of silver nanoparticles using supercritical
water have been reported. Li and Zhang used Ag microparticles as precursors, prepared
Ag nanoparticles in supercritical water [22]. Their experiment results revealed that Ag
microparticles with the sizes < Ium were successfully destroyed and formed Ag
nanoparticles via the destructive effect of SC-water. It has also been reported that in
SC-water, Ag aggregates could be broken up and the resulting Ag nanoparticles could
be organized into nanowires and triangle nano-banners [23]. In the initial stage of their
experiment, the Ag aggregates were broken down into nanoparticles, which exhibited a
size distribution ranging from 2 to 20 nm. And there is a limited amount of research
reports available regarding the use of hydrothermal synthesis to prepare silver
nanoparticles directly from metal salt precursors.

Using glycerol as the reducing agent, Minsoo Kim et al. reduced silver, copper and
nickel nitrates into zero-valent metal nanoparticles at 400 °C and 300 bar by batch-type
supercritical hydrothermal synthesis method [32]. However, the metal nanoparticles
obtained in this series of experiments have large particle sizes, ranging from 2000 to
5000 nm for silver nanoparticles and 200 to 2000 nm for copper nanoparticles.

1.5.3 Preparation of AgNPs by Continuous Supercritical Hydrothermal Synthesis

Junichi Otsu et al. used a batch-type reactor (30 MPa, 400°C) with supercritical water
to prepare silver oxide particles on the surface of alumina but finally obtain silver
particles. They speculate the reason for the formation of metal silver is that silver is
thermodynamically more stable than metal oxide at high-temperature conditions [24].
And according to a study of Gabriele Aksomaityte et al., using silver acetate as the
precursor, they successfully achieved the production of silver nanoparticles via
continuous supercritical hydrothermal synthesis, it has been confirmed that metal silver
was obtained under supercritical conditions (380°C to 430°C) without reducing agents
[25]. In their experiments, the silver nanoparticles with the average particle size of 30—
40 nm was prepared at 415 °C, and raising the temperature from 380 °C to 430 °C

within the reaction zone resulted in a reduction in the particle size.
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It is hypothesized that, similar to the formation of metal oxide nanoparticles in
general, silver oxide is formed from a silver salt solution in supercritical water before
it is converted to silver nanoparticles.

The Possible mechanisms for Ag:

1 1 1
AgAc + EHZO = EAQZO + EHAC

1

Unlike the preparation of other metal nanoparticles, the reaction is completed under
supercritical conditions without the involvement of a reducing agent. If this
hypothesized mechanism is correct, the reducing agent may be needed at lower

temperatures under subcritical conditions.
1.5.4 Conversion of Silver oxide to Silver

Lewis decomposes silver oxide in latm oxygen at 320~350°C, and the process is
very slow. They believe that the decomposition rate is related to the preparation method
of the sample. Pavlyuchenko and Gurevich used Ag>O prepared at a lower temperature
and found that the decomposition temperature in vacuum was 118-220 °C. In Garner’s
article, Ag>O prepared by precipitation at 100°C is used, and then aged in a high-
pressure oxygen atmosphere at 200~300°C. At 185 °C, no gas was generated within two
hours [26]. At a pressure of 50 mmHg and a heating rate of 200 °C/h, Ag>O sample is
produced by the decomposition of silver carbonate. The decomposition of Ag>O occurs
at 354°C [27]. In a nitrogen atmosphere, at a heating rate of 2°C/min, Ag>O starts to
decompose at 330°C, the decomposition rate is the highest at 440°C, and the
decomposition is completed at 500°C [28].

In the 21st century, according to Lange's Handbook of Chemistry, Ag2O decomposes
from 200°C [29]. And in a study using XRD, infrared and Raman spectroscopy, Ag>O
is stable up to 350 °C. At 400°C, Ag>0 is completely decomposed into Ag and O [30].

The decomposition temperatures of silver oxide reported in these literatures are
different. The possible reason is that the thermal decomposition of silver oxide is a
reversible reaction and also an autocatalytic reaction, and the factors such as the
preparation method of the silver oxide, the state of the silver oxide, and the
concentration of oxygen will affect the experimental results. Judging from these
literatures, in general, the obvious decomposition of silver oxide is above 300 °C or
even 350 °C and there may be a very small amount of decomposition in the range of
100~200 °C.

Therefore, assuming that the conversion of silver oxide to silver can be completed

or silver is more inclined to exist than silver oxide in supercritical water (above 374°C),
10



the preparation of nano-silver under corresponding conditions does not require the use

of reducing agents.

1.6 Research Objective

Considering that the temperature for the conversion of Ag>O to Ag are different,
which can be below the critical point, it’s possible that nano-silver can be formulated
even under subcritical conditions (temperature below supercritical conditions) without
requiring the use of reducing agents.

Therefore, this study aims to achieve the one-step preparation of Ag nanoparticles by
CHS under subcritical conditions and explore the preparation conditions (including
precursor type, concentration, residence time and so on) to realize size-controllable

synthesis.
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Chapter 2 Methodology

2.1 Materials

The following reagents were used in the experiments.

¢ Distilled water, purified by AQUARIUS (made by RFD240HA, ADVANTEC)
¢ CH3;COOAg Wako Pure Chemicals
¢ AgNOs Wako Pure Chemicals
¢ (CsHoNO)n (Polyvinylpyrrolidone 40)  Wako Pure Chemicals
4 HNO3 Wako Pure Chemicals
¢ NaOH Wako Pure Chemicals
¢ Ethanol (99.5%) Wako Pure Chemicals

2.2 Apparatus and Procedure

As shown in Figure 2.1, the continuous hydrothermal synthesis experiments were
conducted using the flow-type reaction apparatus with a newly designed reactor, which
is constructed with reference to the Nozzle reactor designed by Edward Lester et al [31].
The reactor consists of outer diameter 1/4 inch., inner diameter 3.75 mm and length 160
mm, and the water tubes’ type is 1/16 inch. Since the synthesis of metal nanoparticles
using a continuous system is prone to clogging of the pipeline, this reactor is designed
to prevent clogging and allow the reaction to proceed smoothly.

Silver salt solution was used as a raw material, mixed with hot distilled water heated
in a sand bath, started reaction in the reactor and ended in the cooler. The distilled water
is first pumped into the sand bath furnace to complete the heating, and then into the
slender pipe inside the reactor, where it is mixed under high temperature and pressure
with the silver salt solution that is pumped into the reactor at the same time. The
pressure was adjusting by the back pressure valve (BP66-112865, Go Inc) setting at the
outlet. The experiments in this study were conducted at a pressure of 25 MPa.

The nanoparticle suspension products were collected in jars. And then the suspension
was subjected to the pressure filtration with nitrogen (about 0.2 MPa) through a
nitrocellulose filter (Millipore, pore size: 25 nm, VSWP14250). After filtration, the
product on the filter was rinsed into a beaker with distilled water, and then was dried
by a vacuum dryer (Yamato, ADP-31) to collect the solid particles. One thing to note is
that for silver nanoparticles, if sending the filter to vacuum dryer directly, it will form

a layer of extremely strong silver mirror which cannot be gotten off.
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Two experiments were conducted in a batch reactor, using silver oxide powder as
raw material, mixed with saturated water heated in a sand bath. When the set residence
time was up, the reactor was placed in water for rapid cooling and the product was

removed.

2.3 Characterization

TEM and XRD were used to observe the synthesized particles. ICP emission
spectrometry was used to measure the concentration of silver ions in solution to

calculate the conversion rates.
2.3.1 XRD

For the produced nanoparticles, the substance composition was identified and the
crystallite size was evaluated by X-ray diffraction (Rigaku, SmartLab). The basic
measurement conditions are scanning speed: 4 degree/min, slit: 2/3, running range: 10-
90 degrees, step width: 0.02 degree, and goniometer radius: 300 mm. The X-ray source
was a CuKo ray (A = 1.5418 A), and the measurements were performed by a Bragg-
Brentano diffraction system. The crystallite size was calculated from the obtained XRD

patterns. The Scherrer equation is expressed as follows.

KA
T =
fcos@

7: Crystal size

K: Dimensionless shape factor

A: X-ray wavelength

p: Line broadening at half the maximum intensity

0: Bragg angle
232 TEM

Transmission Electron Microscopy (TEM) is a popular technique used to observe
nano-materials’ characteristics, including their structure, particle size, size distribution
and so on. The nanoparticle samples were pretreated before using the transmission
electron microscope (JEOL-2100, JEOL Ltd). Collected and dried products are ground
into powder, then a very small amount of powder was added to about 10 mL ethanol,
and the particles were well dispersed in an ultrasonic water bath for 5 min. A little
treated dispersion was dropped on the copper microgrid (Cu 200 mesh, JEOL) and dried.
The analysis software DigitalMicrograph was used to observing the TEM images. And

15



more than 200 nanoparticles were counted using ImageJ software to obtain the size

distribution of nanoparticles.
2.3.3 ICP Emission Spectroscopy

The concentration of Ag" remaining in the recovered filtrate was measured using the
Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES) (HORIBA,
JY138KH-ULTRACE).

In ICP-AES measurements, the linearity of the calibration curve is generally ensured
below 40 ppm, so measurements were performed after diluting the recovered filtrate to
one-tenth. After a calibration curve was prepared using a standard solution, the
concentration of Ag" was obtained by measuring the light at the specific wavelength of
the Ag element in the sample. Based on the concentration of Ag" remaining in the
filtrate, the conversion of Ag” was calculated. The following equation was used to

calculate the Ag reaction rate.

F,.C
X = (1—M> x 100%
Fin G

where X is the reaction rate of Ag salt, F is the flow rate, and C is the Ag"

concentration remaining in the filtrate as measured by ICP-AES.
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Chapter 3 Experiment Results and Discussion

3.1 Synthesis of AgNPs at Reaction Temperature of 350°C

3.1.1 Attempts at Synthesis and the Effect of Stabilizer

According to past researches, it has been found that Ag nanoparticles can be formed
in ScH>O without reducing agents at the range of 380~430°C. To test the feasibility of
the synthesis under subcritical conditions, the experiments were first performed at
350°C. The rationale for choosing 350°C as the reaction temperature was that silver can
exist more stably at this temperature than silver oxide in most cases, as stated in Chapter
1, and that this temperature is closer to the supercritical temperature at which it has
been shown that silver nanoparticles can be synthesized directly and successfully via
CHS. Water pressure has generally not been an influential variable in past studies of the
preparation of metal oxides or metal nanoparticles by supercritical hydrothermal
synthesis. With reference to the experimental conditions of these studies, 25 MPa was
chosen as the system pressure for all the experiments in this study. The reactor structure
used in this study was referenced from the Nozzle reactor, and in the experimental
design for testing this reactor, water and solution were pumped into the system at flow
rates between 5 and 20 mL/min [33]. Therefore, the water-salt flow rate ratios of 10:5
and 15:7.5 were used in the experiments.

On the synthesis of silver nanomaterials using supercritical fluids, silver nitrate,
silver perchlorate, silver acetate, and silver acetylacetonate have been recorded as
precursor materials. Considering the research objective of making the synthesis process
environmentally friendly, silver acetate was mainly used as the silver salt precursor in
this study. Considering the research objective of making the synthesis process
environmentally friendly, and in order to avoid the generation of toxic and complex
organic substances as by-products, silver acetate was mainly used as the silver salt
precursor in this study. Thus, silver acetate is dissolved in distilled water to prepare salt
solution. The condition data is shown in the Table 3.1.

Although no blockage occurred in these experiments, there was still much adhesion
on the wall after the reaction was completed. The inner wall of the reactor and the outer
wall of the supercritical water tube inside the reactor were covered with white solids.
XRD analysis of the white solid collected from the reactor wall revealed that its pattern
matched the pattern of silver.

The product collected after the reaction at the outlet of the reactor was grayish brown
or light yellow in water, which matches the color of the nano-silver colloid (Light

yellow to dark brown, the higher the concentration, the darker the color). Then the
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product was filtered and dried, and the sample obtained after that is little and sticky,
making it difficult to collect a sufficient amount into the bottle. This sample with
grayish-brown color was analyzed by XRD and the pattern was also consistent with the
pattern of silver.

From the TEM images, the Average particle size of nano-silver is 46nm in run al,
37nm in run a2, and Standard deviation of particle size is 19.3 in run al, 20.4 in run a2,
which shows the particle size of AgNPs is not uniform. The shapes of nanoparticles are
almost all spherical, with the presence of individual rod shapes. It can be seen form the
images that the nanoparticle agglomeration phenomenon is obvious (Figure 3.1).

During each experiment, the first bottle of product collected after the reaction was
darker in color than the second one. It is speculated that the silver powder attached to
the inner wall of the reactor first provides more attachment points for the later attached
silver powder, which makes the by-product silver powder more and more with time and
the outflow of the nano-silver product less and less.

In those experiments, the experimental results revealed problems of uneven particle
size distribution, the presence of agglomeration, and the silver powder sticking to the
reactor wall. It is speculated that the possible cause is Monolithic silver itself tends to
aggregate or agglomerate. Therefore, a stabilizer Polyvinylpyrrolidone (PVP) was
introduced into subsequent experiments, and its basic features have been described in
section 1.4. As one of the best polymeric stabilizers for Ag nanoparticles in aqueous
solutions, PVP has played the following roles according to previous research [25]:

I. It allowed higher concentrations of silver precursor to be used without silver
particles sticking to the inside in the reactor.

II. It stabilized the silver particles in the product suspension.

III. It reduced the particle size distribution.

In the study by S. Kubota et al. the dispersion of copper nanoparticles synthesized
with the addition of various molecular weights of PVP did not change much, but the
experimental group using the highest molecular weight obtained the smallest particle
size among PVP with molecular weights of 10,000, 35,000, and 40,000 [19]; therefore,
PVP40 (molecular weight 40,000) was also used in this study.

In a past discussion on the thermal stability of PVP in supercritical water, there were
"H-NMR analyses of PVP before and after treatment with supercritical water at 415°C
and 23 MPa. The results were that the amount of monomer (N-vinylpyrrolidone)
increased slightly (about 2%) after the treatment. This is due to the dissociation of the
polymer chains. Therefore, in the present study, although decomposition of PVP at
350°C and 25 MPa was possible, it was presumed to be small and did not affect the
experimental results and was not measured.

The experiment conditions for the introduction of this stabilizer are shown in the
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Table 3.1. According to G. Aksomaityte et al.’s research, comparing to adding after the
reaction, addition of PVP to the initial silver acetate solution (adding before the reaction)
may perform a dual role of preventing agglomeration and increasing the conversion of
Ag" to nanoparticle product (its -OH group may help reduce Ag® to Ag). In this way,
the stabilizer is present during nanoparticle formation and therefore has the potential to
control growth. Therefore, addition of PVP40(Mw 40000) to the initial silver acetate
solution is before the reaction. However, the molar ratio used in the G. Aksomaityte et
al.’s experiments is 3:1, in practice, it was found that the amount of PVP40 in this ratio
was too large to be used for the preparation of raw material solutions, considering the
operability and necessity of such a large number of polymers, a ratio of 1:2 was tried
firstly, and then 3 ratios of PVP40 to silver acetate were also subsequently tried.

Comparing the experimental situation and results before and after the introduction of
PVP, before the introduction, a lot of white silver powder was attached to the inner wall
of the reactor, very little product was collected, and the first bottle of product collected
after the reaction was more than the second one; whereas after the introduction, a very
turbid suspension was obtained and the product collected was significantly more, in
addition, the two bottles of product collected were identical in appearance. Therefore,
it can be judged that the introduction of stabilizer greatly avoids the silver sticking to
the wall.

The TEM images of the nanoparticles obtained with the addition of the stabilizer are
shown in Figure 3.2, all 3 concentrations of stabilizers tried were effective in avoiding
silver sticking to the wall so that sufficient amount of product was obtained, and the
products still showed some agglomeration of nanoparticles (Similar in degree) from
TEM images, but to a lesser extent than those without stabilizer. The effect of
concentration of PVP40 on Ag nanoparticle size is shown in Figure 3.3 and the particle
size distribution comparison is shown in Figure 3.4. The products apparently had a more
uniform particle size distribution and smaller average particle size than that without
stabilizer, although the difference of effect of PVP40 in the range of 5~100 g/L was not
significant. This indicates that this stabilizer has the effect of preventing aggregation
and preventing Ag nanoparticles overgrowth to some extent via CHS, which is
consistent with previous studies.

The conversion of Ag" to Ag was obtained from the results of ion concentration
detection by ICP-AES, and the conversion was improved from 88% to 99.7% when
comparing before and after the addition of PVP. This is in agreement with the assumed

results of increasing the conversion of Ag" to nanoparticle product.
3.1.2 Effect of Residence Time

In a study on continuous hydrothermal synthesis of cobalt oxide nanoparticles, they
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found that an increase in residence time (across 0.4 and 8 s) results in increasing
nanoparticle size regardless of reaction temperature. That can be interpreted as that in
reaction process, if residence time is longer, the growth time of particles is longer, then
larger particles will tend to form. And in their study, the effect of residence time on
conversion is most pronounced at lower reaction temperatures (200-330 °C) [34].

The structural characteristics of the reactor used in this study make it difficult to vary
the residence time by changing the length of the reactor. Therefore, experiments with
different residence times (limited time frame) were attempted by scaling up or down
the flow rates of supercritical water and salt solutions equivalently (shown in Table 3.2).

The Ag nanoparticle sizes of these experiments with different residence time are
shown in Figure 3.5. The effect of residence time in the frame of 1.5~4.5s is not
significant, after the reaction time exceeded 4.5 s, there was a slight increase in the
average particle size, which exceeded 30 nm. The conversion rates were all higher than
99.5% after a retention time of more than 3s. In the experimental group with a residence
time of 1.5 s, the conversion rate was 98.3%, a slight decrease.

The time dependence is not reflected, perhaps because the reactions have been
carried out thoroughly in this time frame, or the effect of residence time needs to be

manifested at lower temperatures (cf. the synthesis of cobalt oxide described).
3.1.3 Effect of precursor concentration

In previous studies on the preparation of metal oxide nanoparticles by supercritical
hydrothermal synthesis, an increase in the particle size of the product nanoparticles with
increasing concentration of the metal precursor solution has been observed several
times. In the preparation of Fe2O3 nanoparticles by supercritical hydrothermal synthesis
by Sue et al. [35], the average particle size and the coefficient of variation increased
with increasing Fe(NO3)3; molality. In a study of synthesis of zirconia nanoparticles, the
crystallite size and particle size of the product increased with the precursor
concentration [36]. But there is also opposite result: in the study of synthesis of cobalt
oxide nanoparticles, the lower the concentration of the precursor, the larger the particle
size tends to appear [38]. Therefore, specific analysis is necessary for the synthesis of
different nanoparticles.

On the other hand, about the researches about synthesis of metal nanoparticles, there
are the following results: in the study by Zhou et al. [32], via supercritical hydrothermal
synthesis, when the concentration of copper sulfate increased (0.05 to 0.5 mol/L), the
average particle size of the copper nanoparticles increased (14 to 50 nm). In Zhou et
al.'s experiments, solid products at high precursor concentrations caused clogging of
the tubing in the reaction system, so they had to switch to a batch-type reactor to

complete their experiments. To avoid a similar situation, the reaction concentrations
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designed in this study ranged from 0.0025 to 0.03 mol/L.

Experiments for the synthesis of mental silver nanoparticles were also carried out at
350 °C using the concentration of silver acetate precursor solution as a variable.
Experiment conditions are shown in Table 3.2. The residence times were all around 3.0
S.

The effect of precursor concentration on average Ag nanoparticle size is shown in
Figure 3.6. According to the average particle size, when the concentration of silver salt
solution is higher than 0.01mol/L, the average particle size increased compared with
0.005mol/L, but continuously increasing or reducing precursor concentration did not
have a significant effect. And from the corresponding TEM images, it can be observed
that the higher the precursor concentration, the greater the tendency for larger
nanoparticles to appear. This may be due to the fact that at higher concentrations, i.e.,
high initial supersaturation (then it will drop), though the nucleation rate is higher, the
primary nucleation stage is shortened and the initial growth rate is also higher [37]; in
addition, during the growth period of particles, the precursor ions are still at a not-so-
low concentration, then the growth time of particles won’t be limited, thus the particles
could get more fully grown (The crystalline size depends on the ratio of the nucleation
to the growth of crystals).

The particle size distribution of the products obtained with different precursor
concentrations is shown in Figure 3.7. The bar graphs of the particle size distribution
shows that the breadth of the particle size range increased with increasing concentration,
although the distribution peaks at precursor concentrations of 0.01, 0.02, and 0.03
mol/L are in a similar particle size range. When the precursor concentration is 0.0025
mol/L, the particle size distribution is the narrowest and particles with particle size over
60 nm hardly appear. It indicates that the crystallization kinetics of AgNPs may be
influenced by precursor concentration. At low silver salt concentration, primary nuclei
were generated rapidly, which greatly reduced the concentration of silver ion and thus
suppressed the secondary nucleation (a type of heterogeneous nucleation); And the
growth of AgNPs was limited, then the nanoparticles with uniform particle size were
obtained. Whereas, at high silver salt concentration, the secondary nucleation was likely
to occur, so nucleation and growth happened at the same time, which resulted in wide
distribution of AgNPs.

In this series of experiments, the conversion rates from Ag” to Ag are all above 99.4%.

3.1.4 Effect of Flow Rates Ratio of ScH20: Silver salt

In past studies of continuous hydrothermal synthesis, few reports have been seen in
which the flow rate ratio was used as a variable and its effect on the products was

explored. In the synthesis of copper nanoparticles by S. Kubota et al. the ratio of the
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flow rate of water (to which a reducing agent was added) to the flow rate of the
precursor solution seems to have an effect on the particle size of the product. While
keeping the total flow rate consistent, they tried two sets of experiments with different
flow rate ratios (45:15 and 40:20). The experimental results showed that decreasing the
ratio of reducing agent stream to precursor stream flow rate could lead to small particle
diameters and small crystallite sizes. To further investigate whether the water-salt flow
rate ratio plays a role in controlling the particle size of metal nanoparticles, in this study,
the water-salt flow rate ratio was chosen as the variable and the total flow rate was kept
at 20 mL/min, and the experiment conditions are shown in Table 3.2. The residence
times were all around 3.3s.

The product particle sizes of the experimental groups with different flow rate ratios
are shown in Figure 3.8. As the proportion of water stream decreased and the proportion
of salt solution stream increased, the average particle size of nanoparticles showed a
trend of decreasing and then increasing. The decreasing trend may because the
increased flow rate of salt results in the higher degree of supersaturation, which leads
to smaller particle size [19]; On the other hand, the reason of the increasing trend may
be that the water was heated, its reduced proportion corresponds to a lower heating rate
of the salt solution, which slows down the reaction rate and makes the particle size
increase. Figure 3.9 shows the particle size distribution for different flow rate ratios.
From this figure, it can be seen that as the flow rate ratio of supercritical water stream
to silver salt solution stream decreased from 3:1 to 2:1, not only the peak moved
towards the direction of small particle size, the range of particle size distribution is also
obviously narrowed, presenting a more desirable particle size distribution; when the
flow rate ratio continued to decrease from 2:1 to 1:1, the peak moved towards the
direction of large particle size, and the range of particle size distribution became wider.

In this series of experiments, the conversion rates from Ag"” to Ag are all above 99.4%.

3.2 Synthesis of Ag nanoparticles at lower temperature

Direct preparation of silver nanoparticles at lower temperatures by continuous
hydrothermal synthesis in the absence of reducing agents has not been reported in any
researches. From the results and conversion (above 98%) of the aforementioned
experiments conducted at 350°C, it is likely that direct production of silver
nanoparticles at lower temperatures is feasible.

The one-step synthesis of silver nanoparticles using silver acetate solution as a
precursor was tried in the range of 220~350°C. The experimental conditions are shown
in Table 3.2. Since the density of ScH>O changes with Temperature, the flow rates were

adjusted slightly to keep the residence time at about 3s when Temperature changes.
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As shown in Figure 3.10, it was confirmed that metal Ag was obtained at 350, 325,
275, 245, 235°C by XRD patterns of the products. All of the products in this series of
experiments matched the standard pattern of [Silver-3C, syn] with cubic crystal system,
which is the most common type of silver structure. The crystallite size of product silver
nanoparticles of each group can be obtained based on XRD data and the results are
shown in Figure 3.11. According to the TEM images, the particle sizes of the products
obtained at different reaction temperatures are shown in Figure 3.12. The average
nanoparticle size and crystallite size both have a tendency to decrease with decreasing
temperature. The tendency of the particle size of the synthesized silver nanoparticles to
decrease with decreasing temperature can be visualized from the TEM images (Figure
3.13). This is contrary to the result that higher temperatures led to smaller Ag
nanoparticles in supercritical condition [23]. Above the supercritical point, the
solubility of the metal Ag precursor in water decreases rapidly with increasing
temperature, which may lead to the production of a large number of nuclei in a short
period of time, thus limiting the growth of the nanoparticles, and making the particle
size smaller. But in the subcritical condition, in the temperature range of 230 to 350°C
tried in this study, which is not close to the critical point of water, the precursor
solubility increases with increasing temperature and therefore the degree of
supersaturation decreases, thus fewer nuclei are formed during the nucleation stage, and
the silver ions remaining in solution after nucleation may be consumed for particle
growth instead of generating new nuclei, which makes the product particles grow to a
greater extent. In addition, elevated temperatures may accelerate the growth of the
particles during the growth stage.

Figure 3.14 illustrates the particle size distribution of silver nanoparticles synthesized
at 325°C, 300°C, 275°C, 235°C, 225°C and 220°C. At temperatures between 350 ~
235°C, the particle size distribution of the product has only one peak. However, in the
experiments at 225 and 220°C, the particle size distribution of the product particles was
concentrated in two ranges, resulting in very large standard deviations, which indicated
the presence of both smaller and larger particles. Consequently, this also increases the
average particle size of silver nanoparticles obtained below 225°C. This phenomenon
can be seen more visually on the TEM images (Figure 3.13), at the reaction temperature
of 235 °C, the product nanoparticles showed small and uniformly distributed particle
sizes, better than higher temperature experimental products. But at the reaction
temperature of 225 °C, both smaller and larger particles appeared. Another related
phenomenon that occurred when nano-silver is synthesized below 225 °C is that very
small number of giant particles (300~400 nm) appeared in the experimental product at
225°C and 220 °C (Figure 3.15). The interplanar crystal spacing of the giant particle

was obtained from the HRTEM image, two sets of crystal plane spacings were obtained
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after calibrating the diffraction pattern produced after the Fourier transform. They are
di = 0.2314 nm and d» = 0.2002 nm, which correspond to (1,1,1) and (2,0,0) crystal
planes when compared with the standard card of [Silver-3C, syn]. It revealed that it is
still metallic silver like other small particles. That is, although the crystallite size of
silver nanoparticles is smaller at a certain lower temperature, overgrown particles also
appear in the product. It is likely that abnormal grain growth, which also referred to as
secondary recrystallisation, occurred. Abnormal grain growth is a grain growth
phenomenon through which certain energetically favorable grains grow rapidly in a
matrix of finer grains resulting in a bimodal grain size distribution, and it is
characterized by the growth of most grains being stunted while a very small number of
grains grow rapidly [39]. When the number of boundaries of a grain is greater than the
number of boundaries of neighboring grains, the curvature of these grain boundaries
increases, and the driving force of grain boundary migration increases accordingly, the
growth of the grain is faster than that of the surrounding small grains, and therefore the
small grains are engulfed and the large grain formed [40]. There are many reasons for
inducing abnormal grain growth, but they are generally present during the calcination
process. The similar phenomenon when synthesizing silver nanoparticles below 225°C
might because that at lower synthesis temperatures, the newly formed silver grains are
more sensitive to fluctuations in the reaction temperature (experimental error), and this
conjecture that requires more evidence and future probing.

The effect of temperature on silver ion conversion is shown in Figure 3.16. Obviously,
the conversion rates of Ag" decreased with decreasing temperature below 300°C.
Increasing reaction temperatures result in a higher conversion, which is in agreement

with the results of previous studies on the synthesis of metal oxide nanoparticles.

3.3 Attempts at different precursors

Compared to the solubility of silver acetate at room temperature, silver nitrate is
much more soluble at room temperature. Considering theoretically, high-temperature
and high-pressure water circumstance will reduce the solubility of inorganic salts, but
the solubility of silver nitrate will still be higher than that of silver acetate in comparison.
In addition, silver nitrate has better thermal stability than silver acetate. As mentioned
in chapter I, the only reported study of supercritical hydrothermal synthesis with silver
nitrate as a raw material used glycerol as a reducing agent and ended up with a product
silver with a very large particle size. It can be assumed that the synthesis experiment of
nanomaterials was not considered a success.

To investigate the different possibilities of synthesizing silver nanoparticles,

experiments were carried out using silver nitrate as a precursor solution, the conditions
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are shown in Table 3.3.

In the experimental group where no stabilizer was added, the product is clear liquid
and its pH is 7, and precipitation occurs after adding NaCl and NaOH solution, and no
silver attached to the wall of the reactor. And then, based on the measured ion
concentration in the clear product liquid, the conversion of Ag" was calculated to be
only 14.2%. Therefore, it can be judged that under such experimental conditions, silver
nitrate hardly reacts. In the experiments with added PVP, only a very small amount of
product was obtained in both sets of experiments at 350°C and 370°C. The product
liquid pH is 5, and its color turned darker after adding NaOH. After TEM analysis, the
products can be seen on the images with only a small amount of shapeless
nanostructures (Figure 3.17). In other words, the synthesis of silver nanoparticles under

subcritical conditions using silver nitrate as a precursor does not work.

3.4 Treatment of Ag,0 in subcritical water in batch system

Actually, no previous studies have been recorded on the direct conversion of Ag2O
to Ag in supercritical or subcritical water. As stated in Chapter 1, it is assumed that
silver salts are first converted to silver oxide and then to silver nanoparticles in a
hydrothermal synthesis reaction. However, in the experiments with temperature as the
variable, there was still no silver oxide when the temperature was lowered to about
220°C. Therefore, two experiments were conducted to investigate the presence of silver
oxide as an intermediate product in the preparation of silver nanoparticles, using silver
oxide powder as raw material in a batch reactor (Table 3.4).

The XRD patterns of the products showed that Ag>O did not decompose to Ag in
these experiments (Figure 3.18). It is possible that there is no step of thermal
decomposition of Ag>O in the continuous hydrothermal synthesis of nano-Ag, or nano-
Ag can only be synthesized under subcritical conditions using salt solutions as raw

materials rather than Ag,0.
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Table 3.1 Experimental Conditions (a)

T(°C)| P(MPa) Concentration | Flow rates for Molar ratio | Average

of CH3COOAg | scH20: silver for PVP40: | particle size
(mol/L) salt (mL /min) |silver salt |(nm)

al 350 25 0.005 10:5 0 46

a2 350 25 0.005 15:7.5 0 37

a3 350 25 0.005 15:1.5 1:2 26

a4 350 |25 0.005 15:1.5 1:10 26

a5 350 25 0.005 15:1.5 1:20 27

ab 350 |25 0.005 15:7.5 1:40 28

#Concentration and flow rates are all in ambient state.
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Table 3.2 Experimental Conditions (b~e)

T(°C) | P(MPa) Concentration |Flow rates for Molar ratio
of CH3COOAg | scH20: silver for PVP40:
(mol/L) salt (mL /min) | silver salt
el 350 |25 0.005 10:5 (t:4.5 ) 1:20
e2 350 |25 0.005 13.3:6.7 (t:3.3s) | 1:20
el 350 |25 0.005 15:7.5 (t:3.0 8) 1:20
ed 350 |25 0.005 10:5 (t:4.5 ) 1:20
bl 350 |25 0.0025 15:7.5 1:20
b2 350 |25 0.005 15:7.5 1:20
b3 350 |25 0.01 15:7.5 1:20
b4 350 |25 0.02 15:7.8 1:20
b5 350 |25 0.03 15:7.5 1:20
cl 350 |25 0.005 15:5 1:20
c2 350 |25 0.005 14.3:5.7 1:20
c3 350 |25 0.005 13.3:6.7 1:20
c4 350 |25 0.005 12:8 1:20
c5 350 |25 0.005 10:10 1:20
dl 350 |25 0.005 15:7.5% 1:20
d2 325 |25 0.005 15:7.5% 1:20
d3 300 |25 0.005 15:7.5% 1:20
d4 275 |25 0.005 15:71.5% 1:20
d5 245 | 25 0.005 15:7.5% 1:20
dé 235 |25 0.005 15:7.5% 1:20
d1 225 |25 0.005 15:7.5% 1:20
ds8 220 |25 0.005 15:7.5% 1:20

#Concentration and flow rates are all in ambient state.
*When T was the variable, the flow rates were adjusted slightly to keep the residence
time at about 3 s.
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Table 3.3 Experimental Conditions (g)

T(°C)| P(MPa) Concentration @ Flow rates for | Molar ratio
of scH20: silver | for PVP40:
AgNO3(mol/L) | salt (mL /min)  silver salt
gl 350 |25 0.005 15:7.5 0
g2 350 |25 0.005 15:1.5 1:20
g3 370 |25 0.005 15:7.5 1:20

#Concentration and flow rates are all in ambient state.

Table 3.4 Experimental Conditions in Batch Reactor (f)

T(°C) | Precursor Residence
Time
fl 250 | Ag20 powder | 30 min
f2 300 | Ag20 powder |30 min
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Figure 3.1 TEM images of product in al, a2 without stabilizer
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Figure 3.2 TEM image of product with PVP40 in a$
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Figure 3.3 Effect of concentration of PVP40 on Ag nanoparticle size
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Figure 3.13 TEM images of product at 350°C, 275°C, 235°C and 225 °C

39



Frequency

(10, 15] (20, 25] (30, 35] (40, 45) (50, 55]
(5, 10] (15, 20] (25, 30] (35, 40] (45, 50] (55, 60]

Particle Size (nm)

>
[S]
c
@
>
o
(¥}
e
(9, 14] (19, 24] (29, 34] (39, 44] (49, 54]
[4,9] (14, 19] (24, 29] (34, 39] (44, 49] (54, 59]
Particle Size (nm)
60
275°C

S

c

[«F]

3

o

[«F]

s

(7,12] (17, 22] (27,32] (37, 42] (47, 52 (57, 62]
[2,7] (12,17] (22,27] (32,37] (42, 47] (52, 57]

Particle Size (nm)



100

Frequency

(7,12] (17, 22] (27, 32] (37, 42] (47, 52]
12,7 (12, 17] (22, 27] (32, 37] (42, 47]

Particle Size (nm)

70

Frequency

60

Frequency

225°C

(9,14] (19, 24] (29, 34] (39, 44] (49, 54] (59, 63]
[4,9] (14, 19] (24, 29] (34, 39] (44, 49] (54, 59]

Particle Size (nm)

>63

(7, 12]

[2,7] (12, 17] (22, 27] (32,37] (42, 47] (52,57]

Particle Size (nm)
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Figure 3.15 TEM images of product at 220°C and 225°C
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Figure 3.17 TEM images of product using AgNQOs as precursor
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Chapter 4 Conclusion and Prospect

4.1 Summary and Conclusion

In this study, AgNPs were successfully synthesized in one step by continuous
hydrothermal synthesis under subcritical conditions without the use of reducing agent.
The particle size, size distribution, morphology, and conversion of the synthesized
nanoparticles were evaluated in the investigation of size controllable synthesis of Ag
nanoparticles. The results explored for different parameters are as follows: The addition
of stabilizer PVP40 is effective in preventing particle aggregation, preventing AgNPs
overgrowth (Average particle size: from 37 to 27 nm, SD: from 20 to 15), and increasing
the conversion (from 88% to 99.7%). And the reduction of precursor concentration was
effective in reducing the particle size (from 36 to 26 nm) and narrowing the particle
size distribution (SD: from 17 to 14). The time dependence for particle size in the frame
of 1.5~4.5 s was not significantly reflected. When flow rates ratio of ScH20 to salt
solution was the variable, as the proportion of water stream decreased and the
proportion of salt solution stream increased, the average particle size showed a trend of
decreasing and then increasing (from 39 to 22 nm, then to 32 nm), and the particle size
was minimized at a water-salt ratio of 2:1. In the temperature range of 220 to 350°C,
Ag nanoparticles were successfully synthesized, the particle size (from 26 to 17 nm)
and crystallite size (from 12 to 7 nm) both have a tendency to decrease with decreasing
temperature, except that smaller and unusually larger silver particles appeared at the
same time below 225°C comparing to the product at higher temperatures. And the
conversion of Ag" to Ag increased with increasing temperature below 300°C (above
300°C: 99%). It was not feasible to prepare regular-shape nano-Ag from silver nitrate
solution in subcritical conditions. The experiments on the treatment of Ag>O powder in
batch reactor demonstrated that in the continuous hydrothermal synthesis of nano-Ag,
it may not be present as an intermediate product.

4.2 Prospect

Examining the results of experiments with different variables in an integrated way, it
is possible that for the preparation of AgNPs, 350°C is not low enough for exhibiting
the effect of residence time on particle size and conversion, so time dependence below
300°C (where the conversion begins to decrease) or a wider time frame requires further
investigation. The variation of particle size with flow rate ratios implies that the size of

AgNPs can be adjusted directionally. At lower subcritical temperatures, it is possible to
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synthesize particles with sizes similar to those under supercritical conditions (15-30
nm), which is conducive to saving energy and easing the requirements for preparation
equipment; And considering the abnormal grain growth and low conversion rate at
temperatures lower than 225°C, the applicability of the corresponding products is low,
but the tendency of particle size to decrease with temperature(235~350°C) can provide
more options depending on the application requirements. Considering that the
conditions under which Ag>O is converted to Ag are likely to be different according to
different Ag>O states, perhaps Ag>O colloidal precipitates will behave differently under
supercritical or subcritical conditions than powdered products. The mechanism of
continuous hydrothermal synthesis of AgNPs from silver salt without reducing agent

requires further investigation in the future.
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