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The evolution of the size distribution of nanoparticles depending on the concentration of nanoparticles in a colloidal solution is investigated. The formation of new stable distributions shifted relative to the initial distribution is directly related to the processes of agglomeration of nanoparticles. Using successive two-fold dilutions of nanoparticles by 2–32 times, it was shown that the maximum of the nanoparticle size distribution shifts toward smaller sizes with a decrease in the concentration of nanoparticles, both for distributions by the number of nanoparticles and for distributions by mass of nanoparticles. Thus, with dilutions, the relative concentration of individual nanoparticles increases, while the number of particles in one aggregate decreases. A mathematical model has been created that predicts a change in distribution with a change in the concentration of nanoparticles in a colloid.
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INTRODUCTION
Currently, the technique of laser ablation of metal targets in a liquid is a widespread method for producing nanoparticles [1–3]. Particle sizes obtained using this technique range from a few nanometers to tens of microns. One of the main characteristics of colloidal solutions of nanoparticles obtained by laser ablation in liquids is the size distribution of the number of nanoparticles. Typically, the distribution of nanoparticles is a unimodal lognormal distribution. However, there are cases in which the particle distribution becomes multimodal [4, 5].
Particles in a colloid are in constant motion and interact with each other forming stable agglomerates that contribute to the size distribution. After some time, the distribution of nanoparticles ceases to change, because the processes of creation and disintegration of agglomerates begin to balance each other [6–8]. The size distribution of nanoparticles in a colloidal solution can also change under the influence of various factors: temperature, nanoparticle size, concentration, and the type of solvent [9].
It is also known that non-metallic compounds are also unstable in aqueous solutions. For example, aqueous solutions of C60 fullerene form large aggregates several hundred nanometers in size [10]. It was found that the stabilization of such solutions is possible with the use of surfactants [11, 12], ultrasonic [13] or laser [14] treatment of the solution. It is assumed that a similar effect on the stability of solutions can be observed in the another anisotropic systems [15–18].
Obviously, the agglomeration process affecting the dynamics of the distribution of nanoparticles should depend on the initial concentration of nanoparticles in the colloid, since the probability of collision of particles with each other, and hence the rate of formation of agglomerates, directly depends on the concentration of particles in the colloid. The aim of this work is to experimentally study the effect of the concentration of nanoparticles in a colloid on the evolution of the size distribution of nanoparticles and to build a model that predicts changes in the distribution.
METHODS
The Fe and Cu nanoparticles used in this work were obtained using the laser ablation technique in the water. The parameters of the laser radiation were selected so that the initial distribution of nanoparticles had a known average nanoparticle sizes. The greatest influence on the distribution of nanoparticles is exerted by the pulse duration and pulse energy. Radiation from a Nd: YAG laser (λ = 1,064 nm, τ = 100 ns, ν = 10 kHz, ε = 1 mJ) was focused using a system of lenses and mirrors onto the surface of a metal target placed in a flow glass cell. The flow cell was used to avoid fragmentation processes during nanoparticle generation. The distance from the water surface to the metal target was 1 mm. Pumping rate 150 ml per minute with a 10 mm2 flow section. The volume of water is 200 ml. the colloid production time was 20 min, the colloid was drained and clean water was poured into the system. The total volume of the colloid was 1 L. Details of the preparation of nanoparticles were described earlier [19]. Obtained colloidal solutions were analyzed using a DC24000 disk centrifuge (CPS Instruments). Thus, data were collected on the initial size distributions of nanoparticles. The resulting colloids were concentrated at room temperature to a volume of 50 ml using a rotary vacuum evaporator. Thus, a high concentration of nanoparticles was achieved. For iron, the concentration of nanoparticles in the initial colloid was approximately n = 660 μg/ml, for copper − n = 990 μg/ml. Concentrated colloidal solutions of Fe and Cu nanoparticles were successively diluted 2, 4, 8, 16, 32 times in deionized water (series 2n). To avoid hydrodynamic processes, dilutions were carried out in an ultrasonic bath VBS-3D (Vilitek, Russia) with ultrasonic power 120 W. The colloidal solution was placed in an ultrasonic bath for 5 min. One hour after dilution of the colloid, a new distribution was recorded on the disc centrifuge. The described procedure was applied to each step of the dilution of colloids of Fe and Cu nanoparticles. In some cases, a 200FE transmission electron microscope (Carl Zeiss) was used to confirm the size of nanoparticles. TEM micrographs were processed using the ImageJ software.
RESULTS AND DISCUSSION
Figures 1 and 2 show TEM images of iron and copper nanoparticles, as well as size distributions reconstructed from TEM images of nanoparticles. For comparison, images of iron and copper nanoparticles in the original colloid and the colloid diluted 8 times are shown. In both cases, a shift of the distribution maximum toward smaller sizes is observed with a decrease in the concentration of nanoparticles in the colloid.
[image: Figure 1]FIGURE 1 | TEM - images of iron nanoparticles and their calculated nanoparticle size distributions in: (A) initial colloid; (B) colloid diluted 8 times.
[image: Figure 2]FIGURE 2 | TEM - images of iron nanoparticles and reconstructed nanoparticle size distributions in: (A) the initial colloid; (B) colloid diluted 8 times.
Figures 3 and 4 demonstrate the distributions of Fe nanoparticles, obtained using a disk centrifuge, by the number of pieces and by weight, respectively, depending on the size of the nanoparticles. Figure 3 shows that the initial colloidal solution of nanoparticles has the largest number of particles with a diameter of 43 nm. When the colloidal solution of nanoparticles is diluted, a gradual decrease in the number of particles and a shift in the distribution maxima toward smaller sizes occur simultaneously. With a 32-fold dilution, the distribution maximum shifts to the left and is in the region of 33 nm.
[image: Figure 3]FIGURE 3 | Size distribution of Fe nanoparticles depending on the amount of dilutions of the initial colloid.
[image: Figure 4]FIGURE 4 | The distribution of the mass of Fe nanoparticles by size depending on the amount of dilutions of the initial colloid.
A similar situation occurs for the weight distributions of Fe nanoparticles. The initial distribution maximum located at 170 nm shifts toward smaller sizes and, as a result of dilutions by a factor of 32, turns out to be 52 nm, Figure 4.
Figures 5 and 6 represent changes in the distribution of Cu nanoparticles by the number of particles and by weight, depending on the size at multiple dilutions. As can be seen from Figures 5, when the initial colloidal solution of Cu nanoparticles is diluted, the distribution maximum shifts together with a decrease in the number of particles. The position of the maximum of the particle number distribution in the initial colloid corresponds to a particle size of about 120 nm. With subsequent dilutions, the distribution maximum shifts toward smaller sizes and is at 32 nm in a 32-fold diluted colloid.
[image: Figure 5]FIGURE 5 | Size distribution of Cu nanoparticles depending on the amount of initial colloid dilution.
[image: Figure 6]FIGURE 6 | The distribution of the mass of Cu nanoparticles by size depending on the amount of dilutions of the initial colloid.
In contrast to the distributions obtained for Fe nanoparticles and characterized by a monotonic decrease in the number of particles, colloids of Cu nanoparticles diluted by a factor of 16 and 32 are characterized by an increase in the number of particles, which can be attributed to the presence in the colloid of large agglomerates composed of particles with a size of 30 nm. With dilution and a decrease in the concentration of nanoparticles, agglomerates cease to be stable and disintegrate into smaller particles, which in turn contributes to the distribution. Although this result is strictly explained by the physicochemical processes taking place in solutions, it can be opposed to the general logic that dilution is always associated with a decrease in concentration. The absence of small particles in the distribution of Fe nanoparticles may mean that the agglomerates are composed of smaller particles less than 10 nm in size.
As can be seen from Figure 6, for the distributions of Cu nanoparticles by weight depending on the size, a similar tendency to a decrease in the mass of particles and a shift in the maximum remains. The initial colloid of nanoparticles is characterized by a distribution maximum located at 200 nm. When the colloid is diluted, the maximum shifts to the left and is located in the region of 100 nm when diluted 32 times.
To sum up, the experimental results indicate that with a decrease in the initial concentration of particles in the colloid, the equilibrium state shifts toward a decrease in the average size of nanoparticles. In Figure 7 for clarity, the normalized particle size distributions for iron and copper are shown. In addition to Figure 7, graphs are plotted showing the dependence of the average size of nanoparticles in the colloid depending on the number of dilutions. The main aim at this stage of the study is to find the form of the dependence of the average size of nanoparticles depending on concentration.
[image: Figure 7]FIGURE 7 | Normalized particle size distributions and the dependence of the average particle size on the number of dilutions in the case of: (A,B) iron nanoparticles; (C,D) copper nanoparticles.
In the following part, the dependency of particle distribution on time will be analyzed. It is assumed that the size distribution of nanoparticles has a lognormal form. The concentration of nanoparticles as a function of the nanoparticle diameter [image: image] and time [image: image] will then be described as follows:
[image: image]
[image: image]
Here [image: image] is the initial concentration of nanoparticles in the colloid. It is also assumed that the distribution parameters [image: image] and [image: image] depend on time.
The evolution of the distribution of nanoparticles in time is described by the equation:
[image: image]
In a stationary state, when an equilibrium distribution is established in the colloid:
[image: image]
Differentiating the expression for concentration, we get:
[image: image]
The factor in brackets consists of two terms that describe the process of changing the number of particles in the colloid. Explicitly:
[image: image]
[image: image]
Equating both parts to each other and taking into account the type of distribution, where the parameter [image: image] can be represented as [image: image], where [image: image] is the average particle size, we get:
[image: image]
The parameter [image: image] in the distribution varies the half-width of the distribution. This parameter can be interpreted as the probability that the particles form an agglomerate upon collision, or the probability that a particle will separate from the agglomerate. It will be assumed that the dependence of this parameter on time is described as:
[image: image]
It is assumed here that [image: image] and [image: image] are constants, and that the constant [image: image] is proportional to the particle concentration. For simplicity, it will be supposed that [image: image].
Now it will be analyzed from 8 how the average size [image: image] depends on time:
[image: image]
[image: image]
Figure 8 shows how the average particle size depends on time, according to Eq. 10. The figure shows that the average size of agglomerates in the colloid begins to increase sharply with an increase in the parameter proportional to the concentration of particles.
[image: Figure 8]FIGURE 8 | Change in average particle size with time. Data are given for several values of the parameter C, which is proportional to the concentration of particles.
Knowing the expression for [image: image], it is possible to trace how the form of distribution changes over time and changes in the concentration. Figure 9 demonstrates how the particle distribution changes as the particle concentration changes. Initial particle size [image: image]. A twofold decrease in the concentration [image: image] and parameter [image: image] leads to a change in the average size of agglomerates in the colloid, which in turn leads to a shift in the distribution toward smaller sizes. When constructing the distributions in Figure 9 the maximum size of agglomerates was taken into account.
[image: Figure 9]FIGURE 9 | Changes in particle size distribution when changing parameters corresponding to changes in particle concentration.
CONCLUSION
In this work, the dynamics of changes in the distribution of iron and copper nanoparticles depending on the concentration of nanoparticles was investigated. The evolution of the size distribution of nanoparticles upon multiple dilutions is shown experimentally. It was found that with a decrease in the concentration of nanoparticles, the size of stable agglomerates decreases and, consequently, the initial distribution shifts toward smaller sizes. However, with the dilution of Cu nanoparticles, the relative concentration of individual nanoparticles increases, and the number of particles in one aggregate decreases. A mathematical model has been proposed to describe the change in the distribution function with a change in the concentration of nanoparticles. The paper shows a fact, strictly explainable from a physical point of view, that the dependence of the properties of solutions prepared using the sequential dilution technology with physical action at each stage on concentration may not obey the general logic (dilution should always be accompanied by a decrease in concentration), thereby confirming that during this technological action, complex physical processes take place in solutions that must be taken into account and studied.
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