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Abstract: The paper presents the research results on synthesizing silver nanoparticles in aqueous
solutions and their extraction into the organic phase. Studies have shown that it is best to perform
the extraction process using n-hexane > cyclohexane > toluene > chloroform > ethyl acetate. The
results show a correlation between the dielectric constant of the organic phase and its ability to extract
nanoparticles. The lower the dielectric constant is, the higher the extractability. The hydrodynamic
radius of the silver nanoparticles changes after transfer to the organic phase, depending greatly on
the organic phase used. The extraction mechanism is complex and multi-step. As the first step, the Ag
nanoparticles are transferred to the phase boundary. As the second step, the octadecylamine (ODA)
molecules adsorb on the silver nanoparticles (AgNPs) surface. The change in particle shape was also
noted. This suggests that the interfacial processes are more complex than previously reported. Below
the initial concentration of ODA 2 × 10−4 M, the formation of a third phase has been observed. In
a one-stage experiment, the concentration of silver nanoparticles after transferring to the organic
phase was increased 500 times in about 10 s. The role of the concentration of ODA, therefore, is not
only a measure of the extraction efficiency and productivity but functions as an enabler to maintain
favorable biphasic processing, which underlines the role of the solvent again.

Keywords: nanoparticles; silver; phase transfer; extraction; mass production

1. Introduction

The synthesis of silver nanoparticles is an important issue. There are a variety of
methods for synthesizing silver nanoparticles [1]. The main methods are physical [2] and
chemical [2,3]. Physical methods include laser ablation [4], sputtering [5], and electrical
discharge [6]. Chemical methods include chemical reduction [7], microwave-assisted
reduction [8–10], electrochemical reduction [11], and photochemical reduction [12,13]. In
the chemical reduction method, silver ions are reduced by a reducing agent. This is the
most widely used method to produce silver nanoparticles. In the electrochemical reduction
method, silver ions are reduced by an electric current [14–17]. In the photochemical
reduction method, silver ion reduction process is catalyzed by light. Chemical methods
are generally preferred in synthesizing silver nanoparticles due to their higher efficiency,
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lower cost, and ability to control the size and shape of the nanoparticles. The most common
chemical-reducing agents used for this purpose are sodium borohydride [18,19], citric acid,
ascorbic acid [20–23], glucose [24], and borane dimethylamine complex [25,26]. Variations
of these reducing agents are also used. The size and shape of the silver nanoparticles can
be controlled by varying the reducing agent [27–29], reaction temperature [30], solution
pH [31], and reaction time [32–34]. The size of the nanoparticles can also be adjusted by
post-synthesis treatments such as sonication [35] and centrifugation.

Typically, colloids obtained by the above methods have concentrations too low for
practical applications or even analytical purposes. To increase the concentration of col-
loidal suspension, several methods can be used, such as: Centrifugation, ultrafiltration,
precipitation, and evaporation. The centrifugation method is used to separate the solid
particles from the liquid in a suspension by spinning the suspension at high speed in a cen-
trifuge [36]. This method has many disadvantages. Particles with a strong surface charge
are practically not centrifuged. The electrostatic forces are too great. In the case of particles
stabilized with polymers with a low surface charge, the centrifugal force may be too high
and lead to the particles joining into larger agglomerates. Another alternative concentration
method is ultrafiltration, which is used to separate the particles in a suspension based on
size by forcing the liquid through a membrane [37]. The main disadvantage of this method
is that these membranes are costly. In addition, filtration at the level of 10 nm requires huge
pressures, which is associated with increased costs. The typical method for preconcentra-
tion is precipitation: This is used to increase the concentration of a colloidal suspension by
adding a precipitating agent, such as a strong acid or alkaline, to the suspension. However,
the reaction often leads to aggregation and growth of nanoparticles. That changes their
physical and chemical properties.

All those methods are complex, time-consuming, and often require specialized equip-
ment. Therefore, continuing innovation is required. A solution to this problem is provided
by evaporation, which has been demonstrated to be a simple and well-known method of
concentration by evaporation of the dispersant. This process does not require specialized
equipment, is universal and one-stage. This method works well when the colloid is sta-
bilized with a polymer. In the case of colloids stabilized by a surface charge, the salinity
increase due to the evaporation of the dispersant leads to a decrease in the zeta potential. As
a result, the colloid loses its stability. The solution may be to use dialysis and evaporation in
parallel, involving significant energy costs. The literature has reported on an alternative via
using ODA to transfer nanoparticles from the aqueous phase to the organic phase [38–40].
The number of respective publications has increased rapidly recently, but the mechanism of
action of ODA was not studied in detail but rather presented as a curiosity [41]. Therefore,
this work aims to investigate the interfacial transfer mechanism of silver nanoparticles.

2. Experimental

At the beginning, silver nanoparticles were synthesized as follows: An aqueous
solution of silver(I) nitrate (A.P., POCH, Gliwice, Poland) with a concentration 5 × 10−4 M
was prepared. Next, an aqueous solution of tri-sodium citrate (TSC) (Pure, POCH, Gliwice,
Poland) with a concentration 5 × 10−4 M was prepared. These two solutions have high
chemical stability, therefore, they can be stored for longer than 24 h. In the case of silver
nitrate, it should be protected from sunlight. Finally, sodium borohydride (99%, Acros, Gell,
Belgium) solution was prepared. This reagent is characterized by high chemical instability
in aqueous solutions. Therefore, we recommend preparing the solution directly before
performing the experiment. It may be helpful to prepare a much higher concentration
solution and then dilute it immediately before the experiments. Nanoparticle synthesis
was performed at the Erlenmeyer flask. A magnetic stirrer was placed at the bottom of the
reaction vessel. The size of the stirrer bar and the speed of rotation should be chosen to
ensure a quick mixing of reactants. In our case, the magnetic stirrer size was 2 cm, and the
mixing rate was 1000 rpm. The volume of the Erlenmeyer flask was 150 mL. Next, 50 mL
of AgNO3 and 50 mL of TSC were mixed. After c.a. 20 s, 3 mL of the solution containing
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NaBH4 was added. The color of the solution changed quickly to yellow. After c.a. 5 min,
reaction stopped, and the final color was dark yellow. This colloid was later used in all
experiments. The solutions were prepared using demineralized water with conductivity
σ = 0.05 µS (Polwater DL3N-150, Kraków, Poland).

The octadecyl amine, also known as fatty amine (ODA) (MERCK, 90%) solution with
the concentration of 8 × 10−4 M was prepared in five different, non-polar solvents. As a
solvent, n-hexane (POCH, A.P.), cyclohexene (POCH, A.P.), chloroform (POCH, A.P.), ethyl
acetate (POCH, A.P.), and toluene (POCH, A.P.) were used.

The UV–Vis spectra of the obtained AgNPs were examined using a Shimadzu UV–2401
PC spectrophotometer (Shimadzu Corp., Tokyo, Japan) in the 200–900 nm range. Quartz
cuvettes were used (Hellma Analytics, Müllheim, Germany). The particle size distribu-
tion and Zeta potential in the obtained colloids were measured by DLS (Dynamic Light
Scattering) using Malvern Instruments Zetasizer Nano (Malvern Panalytical, Malvern, UK)
(laser 633 nm). The FTIR study for the synthesized nanoparticles was carried out on a
Nicolet 380 FT-IR Spectrometer (Thermo Scientific, Waltham, MA, USA) in the range of
500–4000 cm−1 using a solid sample holder. Preparation of the sample for FT-IR measure-
ment consisted in dripping 200 µL of colloid into a portion of potassium bromide, (IR grade
99+%, Merck, Darmstadt, Germany), then evaporation at 70 ◦C for 30 min, then grinding in
an agate mortar and pressing in a matrix with a diameter of 10 mm at a pressure of 150 atm
using a hydraulic press. The pellets prepared in this way were measured for transmittance.
HR–TEM analysis was performed using FEI TECNAI TF 20 X–TWIN microscope (Thermo
Fisher Scientific, Bremen, Germany). For this purpose, AgNPs colloidal suspension was
placed on a copper grid covered with a 20–30 nm amorphous carbon film. Then, the sample
was left to dry at room temperature (ca. 20 ◦C).

Images from the HR-TEM were analyzed using several steps of protocol related to
image preparation. For this purpose, ImageJ software version 1.52v was used. First, the
scale was digitalized. Next, the image was cut to remove the scale bar as well as the text
boxes. Next, the image was filtered using the FFT bandpass filter. The settings of the
filter were as follows: Filter large structures down to 40 pixels, filter small structures up
to 3 pixels, suppress stripes none, tolerance of direction 5%. Next, the particle size was
determined as follows: Using threshold setup, alloy nanoparticles were detected, and the
image was converted to black–white. Using the analysis particles tool, carbon quantum
dots’ surface areas were determined. The following parameters were selected: size nm2

from 1 to infinity. This allows removing single pixels and artifacts from the image. Next,
circularity was selected in the range of 0.5–1. This allows excluding from analysis particles
that are stuck together. The diameter was calculated at and from the surface area of single
carbon quantum dots, and the histograms were plotted.

XRD analysis was performed using the Rigaku MiniFlex instrument (Tokyo, Japan).
For this purpose, obtained colloids were evaporated on the glass substrate. Next, obtained
deposit on the glass substrate was analyzed. To obtain a sufficient amount of materials,
10 mL of the sample was evaporated.

The analysis of UV-Vis spectra was carried out using the Spectragryph software
(Oberstdorf, Germany, Dr. Friedrich Menges Software-Entwicklung).

3. Results and Discussion

ODA is insoluble in water but soluble in various aprotic solvents. Figure 1 presents
photographs of the samples before and after extraction of silver nanoparticles from the
water phase to the organic phase, demonstrating color changes of the liquids and solid
materials precipitation.

The numbers from 1 to 5 denote solvents: 1—chloroform, 2—n-hexane, 3—toluene,
4—cyclohexane, 5—ethyl acetate. It should be noted that, in the case of chloroform, the
density of the organic phase is higher than the water phase, therefore, yellow colloids are
at the top of the test tube. In other cases, the water part is at the bottom of the test tubes.
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Figure 1. View of the samples (A) before extraction, (B) after extraction.

As can be observed, in the case of chloroform, toluene, and ethyl acetate, a third phase
was formed. As can be seen in Figure 1B, the precipitated third phase takes the form of a
thin film. The color of the thin film depends on the organic phase type, ranging from beige
(ethyl acetate) and dark brown (toluene) to dark gray (chloroform). The precipitate tends
to stick to the glass wall of the test tube.

This points to the insolubility of the third phase in either the aqueous or organic
phases. Water and organic phases were analyzed using several methods to confirm the
efficiency of AgNPs extraction.

3.1. UV-Vis Analysis

UV-Vis analysis of the organic and water phase after extraction was performed, Figure 2.
The UV-Vis spectrum of AgNPs shown in Figure 2A was taken immediately after synthesis.
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Figure 2. UV-Vis spectrum of samples (A) AgNPs directly after synthesis, (B–F) organic and water
phase after extraction to different solvents.

Before extraction (Figure 2A), an absorption peak with a maximum at 389 nm is
observed in the aqueous solution. This peak is related to the plasmon resonance occurring
in the silver nanoparticle. The location and shape of this file are directly related to the size of
the nanoparticles. Typically, smaller nanoparticles absorb shorter wavelengths, while larger
nanoparticles absorb longer wavelengths. It is also well known that the surface plasmon
resonance of silver nanoparticles depends on the dispersed phase composition. This is due
to the direct interaction of the dispersant and the stabilizer with the plasmonic wave in the
nanoparticle. Therefore, after the extraction of silver nanoparticles from the aqueous phase
to the organic phase, a slight shift in the peak position due to the change of the dispersant
can be expected (see Figure 2B–F). Table 1 compiles data about the absorption band position
maximum, as well as the absorbance level in the organic phase and extraction efficiency.
Additionally, the dielectric constants for all dispersants are gathered.
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Table 1. AgNPs extraction efficiency and absorption peak position and intensity.

AgNPs in Different
Solvents λmax, nm

Absorbance
Organic Phase,

A.U.

Extraction
Efficiency, %

Dielectric
Constant ε, -

Solubility of
Dispersant Phase in

Water, mg/L

water 389 1.757 100.0 80.1 No limit

n-hexane 399 1.962 100.0 2.1 9.5

cyclohexene 400 2.077 98.5 2.2 55

toluene 420 0.315 100.0 2.4 526

chloroform 406 1.209 100.0 4.8 7.95 × 103

ethyl acetate 408 0.03 98.9 6.0 64 × 103

The extraction efficiency was calculated using Equation (1):

Eef =
C0 − Cr

C0
· 100% (1)

where:
Eef—extraction efficiency, %
C0—initial concentration of colloid in the water phase, g/L
Cr—concentration of colloid in the water phase after extraction at the equilibrium

state, g/L
As can be seen, the peak position changes depending on the organic phase. As

mentioned earlier, the change in the peak position may be related to the change in the
dispersing phase. Moreover, the absorbance level also depends on the organic solvent. The
highest absorbance was measured for AgNPs in cyclohexene and n-hexene. It is worth
noting that only in these two cases, the third phase was not observed. In all the cases, the
extraction from water phase efficiency was high and exceeded 95%.

A large gap in dielectric permittivity is provided between water and the organic
solvent used. This facilitates particle transfer via the water/oil interface. The stabilizing
agent ODA adsorbs at the particle surface leading to cross-linking [42]. The new surface
created by this coating allows dissolution in the organic solvent, which can finally form a
third phase composed of NPs covered and linked by ODA. It should be noted that a small
change in the dielectric constants of the organic solvent causes a significant increase in the
solubility of this compound in water. For this reason, this study was restricted to a narrow
range of dielectric constants of organic solvents.

Dissolved organic compounds in water change it dielectric permittivity. The dielectric
permittivity change as a function of the mole fraction of the dissolved compound, e.g.,
organic compound [43]. The larger the difference between the dielectric constants at the
interface, the larger the shift of the surface charge on the nanoparticle at the water/oil
interface is observed. Charged spherical nanoparticles trapped at the interface between
water and oil exhibit repulsive electrostatic forces that contain a long-ranged dipolar
and a short-ranged exponentially decaying component. The former is induced by the
unscreened electrostatic field through the non-polar low-permittivity medium and the
latter result from the overlap of the diffuse ion clouds that form in the aqueous phase
close to the nanoparticles. The magnitude of the long-ranged dipolar interaction is largely
determined by the residual charges that remain attached to the oil-exposed region of the
nanoparticle [44]. As a result, ODA tends to adsorbed on the oil side surface. To make
this part clearer, we demonstrate it in Figure 3, where εn-hexene, εwater, and εAgNPs denote
dielectric constants of n-hexane, water, and silver nanoparticles, respectively. The surface
charge densities of the particle at its n-hexene-exposed and water-exposed regions are
denoted by σa and σw, respectively.
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and oil.

It should also be noted that when the extraction process starts, at the interphase,
diffusion of water to oil and oil to water takes place. Intensive shaking makes obtaining a
fast concentration equilibrium between water and oil possible. Thus, the final dielectric
constant of the water and oil phase is different from what is given in the literature. When
we compare the solubility of toluene and cyclohexane, we see that there is one order
of magnitude difference in the solubility. Therefore, the final dielectric constants at the
equilibrium state are significantly different from those given in the literature for pure
solvents. This explains why a slight difference in dielectric constants of pure solvents gives
a significant difference in final observations.

3.2. DLS-Analysis

For DLS analysis, the ethyl acetate phase was not taken into account since the UV-
Vis analysis showed no absorption band of AgNPs in the organic phase. In the case of
chloroform, a low intensive peak was detected. The determined diameter of nanoparticles
is listed in Table 2.

Table 2. AgNPs diameter determined in different solvents.

AgNPs in Different Solvents d, nm SD, nm

water 22.0 2.8

n-hexane 20.3 0.8

cyclohexene 15.0 1.1

toluene 199.4 9.9

chloroform 11.6 1.6

In the case of water as the solvent, the zeta potential was determined as equal to
−35 ± 5 mV. The presence of a strongly negative surface charge improves much stability of
AgNPs in water. The surface charge is directly related to the presence of TSC, which under-
goes dissociation in aqueous solutions and adsorption on the surface of Ag nanoparticles.

In the case of chloroform, a weak signal from the sample was registered. Therefore,
the determined diameter may consist of significant error, or the extraction process, in this
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case, is size-selective [43]. This last is rather unlikely. In the case of toluene, a significant
increase in the size of AgNPs was noted. Moreover, significant changes in the intensity
of the UV-Vis spectra peak were observed. This suggests that a “flocculation” process
takes place in the organic phase. In the case of small molecules like ODA, flocculation is
practically impossible. Flocculation occurs when long polymer chains entangle each other.
However, in non-polar solvents, hydrogen bonding can be formed, so the ODA molecules
can link to each other and form larger structures. Therefore, the calculated value from DLS
is significantly higher.

3.3. FT-IR Analysis

FT-IR analysis was carried out for all samples for the extraction process from the
aqueous phase to the organic phase containing ODA. The obtained spectra are presented in
Figure 4. The first two spectra (red and green lines) represent the reference reagents, i.e., TSC
and ODA, respectively. The remaining spectra are similar to the ODA reference spectrum.
For extraction solvents, where a third phase was formed (ethyl acetate, chloroform), peaks
are practically invisible.
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All spectra (except for the process using the solvent ethyl acetate) show peaks at 2923
and 2851 cm−1. They are related to C-Hst (stretching frequencies) bonds by interactions.
Since the chain of the ODA molecule composed of these C-Hst bonds is not involved in
AgNPs extraction, there is no spectral change in this range. The difference in the lower
wave numbers, in the range of 721 cm−1, is clearly visible. It can be attributed to the C-N
interaction in the amino group. This peak does not disappear but shifts very strongly
for all samples. In the case of chloroform, its maximum is 666 cm−1, while in hexane, it
is 667 cm−1. Such significant shifts may indicate a strong interaction between nitrogen
(amine group) and silver. The lack of a clear change in the FT-IR spectra is due to the high
concentration of unbound ODA in relation to the adsorbed ODA.

3.4. Influence of ODA Initial Concentration in N-Hexane

ODA acts as a phase transfer agent during the extraction of Ag nanoparticles into the
organic phase. This ODA molecule consists of a long hydrophobic tail and is a primary
alkyl amine mainly used as a hydrophobic surface modifier [45]. The presence of an
amine functional group allows this molecule to adsorb at the surface of AgNPs effectively.
However, the mechanism of the nanoparticle transfers is not clear. Figure 5 shows the
influence of ODA initial concentration in the organic phase on the process of AgNPs
extraction. The effect of solvent type was tested at a constant ODA concentration of
8 × 10−4 M. Subsequent studies were conducted for lower ODA concentrations.
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extraction.

Below concentration 4 × 10−4 M, the third phase formation is observed. However, all
AgNPs are removed from the water phase.

Further lowering of the concentration leads to complete inhibition of the AgNPs
extraction process. This is unexpected because it seems to contradict the Nernst division
law. It would be expected that as the ODA concentration in the organic phase decreases,
the partition coefficient is proportional to the ODA concentration. It has to be noted that
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the Nernst equation applies to small molecules, not to colloidal systems. Therefore, we
performed further experiments to shed light on this problem.

3.5. Influence of Organic-Water Phase Ratio

The extraction of AgNPs to the organic phase offers process opportunities, including
concentrating the colloid. The organic phase evaporates at a lower temperature than the
water phase, which avoids thermally induced destruction of the colloid. Previous tests
(Section 3.4) have shown that there is a critical concentration of ODA in the organic phase
beyond which AgNPs cannot be extracted. We conducted a study in that various volume
proportions of the organic phase of the water phase were mixed together, Figure 6.
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Figure 6. Influence of organic-water phase ratio.

In each case, silver nanoparticles were completely removed from the water phase.
As a result, the aqueous phase becomes discolored, while the organic phase acquires an
intense yellow color to brown notes depending on the volume of this organic phase.

If we assume that a simple reaction takes place between ODA and the AgNPs surface,
in which the amine combines with the Ag, the change in the volume of the aqueous phase
in relation to the organic phase should lead to the same results as reported for previous
experiments, regarding the effect of the initial concentration of ODA on the extraction
process. Surprisingly, when 0.01 mL of 8 × 10−4 M ODA was used, the amount of ODA
was much less than in the experiment where 8 × 10−6 M ODA and 5 mL of the solution
were used. In the first case, complete extraction took place, while in the second, a third
phase was formed. It is hypothesized that the process is diffusion controlled. We have
schematically presented the process of AgNPs extraction in Figure 7.
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The nanoparticle extraction process consists of chemical and physical processes. Phys-
ical processes include diffusion and transport of ODA particles and silver nanoparticles to
the interface. Chemical processes include the creation of bonds between the active part of
the ODA molecule and the silver atoms that are part of the silver nanoparticles. ODA is
practically insoluble in aqueous solutions [46]. However, for extraction to occur, there must
be minimal solubility of the ODA in the aqueous phase. ODA concentrated at the interface
adsorbs on the surface of AgNPs. The nanoparticle is adsorbed at the interface and is held
at this interface by ODA. At the same time, it is accompanied by limited Brownian motion
and TSC desorption. AgNPs lose their surface charge, and gradually the degree of coverage
of the nanoparticle surface by ODA increases. In the last step, it is completely transferred
to the organic phase.

If the concentration of ODA in the organic phase is low, then the interface between the
phases is not covered by ODA. The diffusion time of ODA from the organic phase is long,
thus, particles partially deprived of the protective layer may collide at the phase boundary.
We observe Ostwald ripening, coagulation, and growth of silver nanoparticles at the phase
boundary. This explains why the concentration of ODA has a significant impact on the
process. For different solvents, the ODA partition coefficient may be different. This also
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explains why chloroform, and ethyl acetate, which dissolve ODA very well, are also poorly
suited for the extraction of AgNPs.

3.6. XRD Analysis

It is typical for colloid XRD analyses that the signal-to-noise intensity is low. This is due
to the fact that the number of planes in nanoparticles capable of reflecting X-rays is small in
relation to the depth of penetration of the radiation. It is assumed that the penetration depth
is about 5 µm. In the case of nanoparticles with 15 nm, it is over 300 times less. Therefore,
such signals are always highly noisy. The recorded diffractograms are shown in Figure 8A,B.
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Figure 8. XRD analysis of AgNPs extracted to: n-hexane (A), and cyclohexene (B).

Both in the case of nanoparticles extracted into n-hexane and cyclohexane, the presence
of an oxide phase was observed. The presence of strong surface plasmon resonance in the
dispersed phase suggests that silver oxide formation is rather related to sample preparation
for XRD measurements. During the evaporation of the organic phase, secondary oxidation
of AgNPs occurred. In this type of preparation, it is not possible to quantify individual
phases. The crystallographic structure can also be confirmed by HR-TEM analysis, which
is described in the next section.

3.7. HR-TEM Analysis

HR-TEM analyses were performed for samples after extraction into the organic phase.
One of the first observations is the lack of contamination of samples during the analy-
sis, which is typical for high-resolution analyzes of preparations applied from the water
phase. The number of particles allowed for their well-quality analysis. It is hypothesized
that during the application of preparations from the water phase, nanoparticles tend to
accumulate at the water-air interface during drying. Their high concentration is on the
edge of the microscopic gratings, which are not analyzed by the TEM technique. In the
case of applying preparations from the organic phase, they are quite evenly applied to the
TEM grid membrane.

The images of AgNPs extracted to different organic phases are shown in Figure 9A,C,D.
Figure 9B shows the results of the fast Fourier transform (FFT) analysis of selected nanoparticles.
This analysis confirms the presence of Ag in the FCC (face-centered cubic) crystal structure.
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FFT analysis of selected nanoparticles extracted to (B) n-hexane.

It is worth noting that the silver nanoparticles that were extracted into the ODA
solution in n-hexane had a regular, spherical shape, while the nanoparticles extracted into
cyclohexane and toluene had a non-spherical shape. The variation in shape is only due
to the use of different solvents for ODA. Wojnicki et al. [47] describe the influence of the
dielectric permittivity of water on the shape of PtNPs obtained during chemical synthesis.
Authors suggested that the adsorption of TSC (playing as a stabilizing agent) at the surface
of PtNPs depends on dielectric constants. Additionally, the changes in dielectric constants
change the solubility of TSC in water, affecting the adsorption process.

Therefore, analyses of a minimum of 100 particles were carried out to confirm whether
the observation was actually a change in shape. For anisotropic nanoparticles, the diameter
(d) and length (L) were measured. The results obtained are shown in Figure 10A–C.
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Via DLS, it was identified that the hydrodynamic radius changes depending on the
solvent used for the organic extraction phase. For anisotropic nanoparticles, the hydro-
dynamic radius is equivalent to the largest dimension of the particle. The radius change
is, accordingly, not a result of a hard material-based aggregation, e.g., nanoparticle floc-
culation, but is hydrodynamically defined by a change of the “solvent cloud” around the
nanoparticles when passing from one phase to another. While the UV-Vis results were
indicative of a radius change (change in the position of the surface plasmon resonance
peak maximum), the magnitude of this effect due to a mere interfacial transfer was not
expected. This hypothesis and its experimental confirmation are reported here for the first
time. Previous studies with silver colloids, taking into account the interfacial extraction of
silver nanoparticles into the organic phase [39,48] or reactions in the formation of surface
bonds of silver nanoparticles with chain organic compounds [49], do not report similar results.

Future investigations should reconsider the interfacial transfer and the reactions
occurring at the interface from the viewpoint of the change of the hydrodynamic radius.
The phenomena accompanying the transition of a nanoparticle from the aqueous phase to
the organic phase, such as TSC desorption or ODA adsorption, probably involve several
steps. This can affect the interaction between the individual nanoparticles, for example,
when attractive forces become sufficiently strong to cause agglomeration. The solution to
this problem is a proper choice of the organic solvent and its key property, which are the
surface tension and the dielectric constant to define and stabilize the interface. Deciphering
the mechanism of this interaction opens the door to future physico-chemical studies.
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4. Conclusions

A series of tests were carried out to determine the conditions under which it is possible
to extract silver nanoparticles from aqueous solutions into the organic phase using ODA
as an interfacial transfer phase transfer agent. Preliminary studies have shown that the
mechanism of nanoparticle transfer from the aqueous phase to the organic phase using
ODA is complex and consists of several steps. As the first step, the Ag nanoparticles are
transferred to the phase boundary. As the second step, the ODA molecules adsorb on
the AgNPs surface. The spherical shape of the nanoparticle, meaning the small relative
surface-to-volume ratio, reduces the amount of ODA surface coverage. If the diffusion rate
of ODA to the interface surface is low (low initial concentration of ODA in the organic
phase), the nanoparticle is trapped at the interface for a longer time. The chance of collision
of Ag nanoparticles leading to Ostwald ripening is much higher at the interface than in
the bulk of the solution. Our experimental results prove that this suggested mechanism
is consistent with all achievements reported in this manuscript. Advanced in-situ phase
boundary analysis will be used to elucidate further and reassure this mechanism.

The best results were obtained for hexane and cyclohexane as a solvent for the organic
phase. The studies on the influence of ODA initial concentration and organic-water phase
ratio lead to the following conclusions:

• At the phase boundary, the process of ODA adsorption on the surface of silver nanopar-
ticles takes place.

• Low concentration of ODA in the organic phase results in the formation of the third
phase or a complete lack of extraction of silver nanoparticles.

These analyses lead to the conclusion that within a few seconds of extraction, it
is possible to increase the concentration of colloids in solutions by 500 times. In the
extreme case, the concentration of silver nanoparticles increased from 5 × 10−4 M to 0.25 M.
There are only a few reports on the single-step synthesis of AgNPs compared to high
concentrations. Wojnicki et al. [25] obtained a 0.05 M concentration of AgNPs in the water
phase directly using L-cysteine as a stabilizing agent and borane dimethylamine complex
as a reducing agent. Yang et al. [50] showed that it is possible to obtain a high concentration
of more than 2 mg/mL of AgNPs. This value is a ten times higher concentration than in our
case. Optimization combined with the evaporation of n-hexane may allow the synthesis of
much more concentrated colloids.

The ODA was found as a promising tool for an effective synthesis for the preparation
of various nanocrystals, including metals, mixed metal oxides, metal/metal oxide hetero-
structured nanocrystals, intermetallic, and alloys were presented [51]. The formation of
close-packed silver nanoparticle thin films via a two-stage self-assembly approach was
described by Vijaya Patil and Murali Sastry using ODA [52]. Unfortunately, the presented
obtained materials are no longer in the colloidal phase.

The fact that reactions taking place at the phase boundary cause changes in the shape
of nanoparticles sheds new light on the potential applications of this phenomenon. Shape-
selective synthesis of nanoparticles is still a challenge in colloid preparation and is being
intensively developed [53–56]. It should be considered whether the appropriate selection
of phases and phase modifiers will not provide new possibilities for the synthesis of
nanoparticles of various shapes.
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