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ABSTRACT In this work, the aggregation of nanoparticles in an aqueous colloidal solution of magnetite, sta-
bilized by creating a citrate shell on the particle surface is studied. Electron microscopy and laser correlation
spectroscopy were used as experimental methods. Optical measurements were carried out both at zero exter-
nal magnetic field and in the fields differently oriented relative to the probing laser beam. It is shown that the
samples tend to form large aggregates even without the application of the field, and in the case of its presence
the behavior of these structures has features that distinguish them from other magnetic fluids.
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1. Introduction

Magnetic fluids, or ferrofluids, are a special type of colloids with magnetic properties [1,2]. The solid phase of these
substances is a magnetically ordered material (very often, magnetite) in a nanodispersed state, and various liquid media
are used as carriers, such as kerosene, water, oil, etc. As in many other colloids, when creating these systems, special
techniques are used to stabilize them, that is, to prevent the adhesion of magnetic nanoparticles, for example, by coating
them with a layer of surfactant. Differently stabilized ferrofluids may differ noticeably in their characteristics.

Being an interesting physical object, magnetic fluids have attracted the attention of researchers for several decades.
As a result, a number of novel phenomena associated with their nanostructural nature combined with magnetism were
discovered in them. In addition, It was also found quite a large number of applications. Recently, the practical proposals
in this area has begun to increase rapidly, which, in turn, has given a rise to new directions, including those focused on
fundamental problems.

Photonics and electronics (magnetically controlled elements [3, 4]), as well as biomedical studies considering all
possible aspects of the behavior of magnetic nanoparticles embedded in the biological medium can be named as the fields
developing ideas pertaining to ferrofluids [5, 6].

Physical, in particular, optical effects in ferrofluids are largely determined by the structures that nanoparticles form
in them. It is well known that an external magnetic field usually leads to the appearance of extended aggregates that
grow with its increase [7]. However, even without a field, objects consisting of many nanoparticles normally appear in a
magnetic fluid due to coagulation. For the areas mentioned above, it is important to study the processes and features of
aggregation, which provide the key to understanding the capabilities of magnetic fluids. These studies cannot be consid-
ered as complete, since fluids of different compositions and stabilized by different approaches have different properties,
and currently are the subject of active investigation. This work is devoted to an aqueous solution of magnetite particles in
a citrate shell, demonstrating, as will be seen from the following, significant differences from other aqueous colloids of
this material.

© Pleshakov 1.V., Ryzhov V.A., Marchenko Ya.Yu., Alekseev A.A., Karseeva E.K., Nevedomskiy V.N.,
Prokof’ev A.V., 2023



Agglomeration of magnetite nanoparticles with citrate shell in... 335

2. Samples

Iron oxide nanoparticles were obtained by co-precipitation of iron salts (Fe?*/Fe®** = 2/1) with an excess of am-
monium hydroxide according to the scheme described earlier in [8]. The reaction was carried out in an inert nitrogen
atmosphere at a temperature of 80 °C. The resulting iron oxide Fe30, was washed with distilled water to a neutral pH,
after which it was separated by a magnet. A sample of 2.3 g wet oxide was suspended in 10 ml of 1 mM aqueous solution
of citric acid monohydrate at pH = 5. Then the liquid obtained was subjected to ultrasonic treatment for 60 minutes at
90 °C, and after that it was cooled to room temperature [9—11]. The starting point for further experiments was a sample
with a solid phase concentration of 6.8 mg/ml, which was stored at 4 °C. In the various cases described below, it could be
diluted to the desired concentrations and subjected to additional sonification.

3. Experimental techniques
3.1. Electron microscopy

Transmission electron microscopy (TEM) studies were performed at the “Material science and characterization in
advanced technology” in the Ioffe Institute by JEM-2100F microscope (JEOL Ltd., Japan) at an accelerating voltage of
200 kV. Sample particles were imaged mainly under two-beam conditions in bright field mode.

Samples were prepared in the traditional way adapted to specific conditions by the following steps: 1) dilution of
the initial colloidal solution by approximately 20 times with distilled water, 2) dispersion of the resulting solution with
ultrasound for 8—10 min, 3) immersion in the resulting solution of a special mesh for TEM studies with a thin supporting
carbon film already applied to it, on which the solution was deposited, 4) drying the obtained sample under normal
conditions for 30 minutes.

3.2. Laser correlation spectroscopy

It is known that laser correlation spectroscopy is an effective tool for studying clusters in solutions containing nanopar-
ticles; in particular, it has been successfully used to characterize ferrofluids placed in a magnetic field [12—14]. This
method is based on the calculation of the autocorrelation function of the light scattered by the sample, from which, with a
known viscosity of the carrier liquid, data on the sizes of particles or their agglomerates d are extracted (a more detailed
description of this technique can be found in [14] and references therein).

To implement the method, we used the installation, the block diagram of which is shown in Fig. 1. The laser beam
was focused by an optical system on a magnetic fluid placed in a cuvette located in the Helmholtz coils that create a
magnetic field H.

Processing
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FI1G. 1. Experimental setups for laser correlation spectroscopy: 1 — sample (cuvette with magnetic
fluid); 2 — Helmholtz coils; 3 — diaphragm; 4 — photomultiplier. Possible orientations of the field [ are
shown

Scattered radiation that passed through the diaphragm at an angle of 90 °C with respect to the optical axis of the
system was recorded by a photomultiplier, and then the electrical signal was digitized and processed on a computer. The
results of the analysis were displayed as a normalized scattering intensity versus d. We used a special algorithm for
determining the size of scatterers, described in [15], the characteristic time of one measurement procedure, dependent on
the time of signal accumulation and processing, was 2—3 min. In the measurements, a He-Ne laser with a wavelength of
A = 632.8 nm, high stability and a narrow spectral line was used. Scattered light was detected in a plane perpendicular to
the plane of polarization of the incident beam.
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To ensure single scattering, in laser correlation spectroscopy experiments the sample was diluted to a particle con-
centration of 1073 vol. %.

The experimental setup was similar to that used earlier in [14], but in this case, the design of the Helmholtz coils made
it possible to orient the magnetic field H created by them both parallel to the optical axis of the system and perpendicular
to it (in the direction of scattered light propagation). The field strength could vary within 0—400 Oe.

4. Results of experiments

The microstructure of the sample obtained by the deposition is shown in Fig. 2. By these electron micrographs,
one can make an estimate of the average size of nanoparticle, which, as can be seen from Fig. 2a and Fig. 2b is about
10 nm, which does not differ from the data typical for other similar materials [16, 17]. An essential circumstance is that
the pattern observed at a different scale (Fig. 2b,c,d) indicates the appearance of large formations of many nanoparticles
in the deposited layer, reaching significant dimension of hundreds of nanometers. Most likely, the formation of similar
aggregates still occurs in the liquid state (although such factors as surface tension, the effect of the surface on which
the deposition occurs, etc. should affect their shape and size after the deposition process is completed). It should be
emphasized that the images in Fig. 2 were obtained without applying an external magnetic field.

F1G. 2. Electronic micrographs of ferrofluid sediment at different scales (shown in the figure)

In experiments on laser correlation spectroscopy, it was found that the results of measurements performed after the
application of the magnetic field depend on time. This reflects the evolution of forming aggregates peculiar to ferrofluids,
which occurs rather slowly (with a characteristic time of the order of minutes) [14]. Keeping this in mind, the study of
aggregation processes was carried out as follows: first, data were obtained at H = 0, then the field was switched on,
and after some time, chosen in such a way that the total interval from the moment of the switching on to the end of
the measurement was five minutes, the data collection procedure was started. The initial values of the average sizes of
scatterers dy and, consequently, the distribution functions of d obtained for a nonzero field could depend on the preliminary
preparation of the samples, but the qualitative behavior of the system always remained the same. (The value of dj is
understood further as such a d at which, when H = 0, the local maximum in the aggregate size distribution is reached.)

Examples of distribution functions d taken at different times and for different field orientations are shown in Fig. 3
(H = 380 Oe). Because of the fact that in these experiments the spread of data was quite large, they were smoothed using
the sliding window algorithm with the number of points in the window equal to five. In all measurements, the distribution
pattern turned out to be quite complex, containing many peaks, each of which was assigned its own value dj.

In the case of measurements with a parallel orientation of the field (Fig. 3a), the solution was subjected to ultrasonic
treatment and settled for two days before measurements were taken, and with a perpendicular orientation (Fig. 3b), the
difference was that the measurements were carried out after two weeks. As can be seen, the numerical values of d differed
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here; in general, we found that the values of dj, i.e., those from which every particular measurement began, could vary
substantially depending on the prehistory of the sample. Nevertheless, qualitatively the behavior of the system, as well as
the data obtained for relative values, was reproduced quite well from experiment to experiment.

From graphs like those shown in Fig. 3, several peaks were distinguished, that assuredly observed in most experiments
(it should be noted that at certain points in time some peaks disappeared, and new ones could also appear). Each was
described satisfactorily by log-normal distribution:

fd)= 2 )’ (1)
- \2r0d P 202 ’

where A and o are parameters (along with dy used in the fitting). Statistical characteristics of the distributions indicated
in Fig. 3 as 1 and 2 are summarized in Tables 1 and 2, which refer to the parallel and perpendicular field orientations,
respectively (additional rows reflect the appearance of additional peaks). Here d is the median, p = In dj.

The time behavior of the relative average size of aggregates d/d belonging to groups 1 and 2 is shown in Fig. 4
(the first and the last points on this graph correspond to H = 0). The field had no effect on fine structural elements (at
d ~40-60 nm).

The dependence of the sizes of large aggregates on [{ under the conditions of their temporal evolution can be obtained
only with a certain degree of conventionality, since along with their growth during the measurement, the opposite process
must occur as can be seen from Fig. 4. However, a rough idea of it may be the result of the experiment, which is set as
follows: after each increase in the field, a measurement is performed (which, as mentioned above, takes 2-3 min), and
then the field is immediately increased and the procedure repeated. The outcome taken in this way for a perpendicular
orientation of the magnetic field is shown in Fig. 5.
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FI1G. 3. Examples of size distributions of agglomerates for the cases of: a) parallel orientation of the
magnetic field H with the optical axis and b) perpendicular orientation of the magnetic field H with the

optical axis (H = 380 Oe). 1, 2 — selected groups of agglomerates, for which the dependences of their
relative parameters are given further

5. Discussion

The obvious conclusion that follows from the above experimental results is that in the initial state, the nanoparticles
of the ferrocolloid under study are mainly belong to large formations, for which the applied magnetic field, at first, has the
expected effect, i.e. leads to their growth. Further, the particle size distribution (Fig. 3) begins to evolve, demonstrating,
despite the presence of the field, a gradual decrease in the size of these aggregates in the time interval of 5—-15 min (Fig. 4).
We can approximately assume that at the time of I switching off (¢ = 20 min), the system returns to its original position.
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FI1G. 4. Time dependences of the relative sizes of agglomerates for a) parallel geometry of experiment
and b) perpendicular geometry of experiment (H = 380 Oe). 1 — group 1, 2 — group 2 (open symbols
correspond to H = 0)
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F1G. 5. Field dependences of the relative medium sizes of agglomerates (groups 1 and 2) for perpen-
dicular geometry of experiment (normalized on the medium size dj in group 1 at the maximum value
of the field).
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TABLE 1. Parallel geometry of the experiment

H, Oe | Time of action ¢, min | dp, nm

0 0 237.02
136.49
95.49
41.81
380 5 266.93
148.83
102.08
41.49
380 10 242.06
99.86
76.59
41.36
380 15 210.62
104.38
87.82
41.72
0 20 148.41
94.56
73.97
41.66

The effect of differently orientated fields are markedly distinguished: as can be seen from the comparison of Fig. 4a
and Fig. 4b, in perpendicular geometry, at the initial stage a much more significant change in the relative value d/d is
recorded. Since the laser correlation spectroscopy is sensitive to the size of scatterers in a plane orthogonal to the optical
axis, the registration of this phenomenon reflects the formation of structures elongated parallel to H, which is always
observed in such materials. From Fig. 4, it is easy to determine that at H = 380 Oe, the longitudinal size of the aggregate
increases by 2-3 times, while for the transverse size the enhancement does not exceed 15 %, i.e. an increase in its volume
can be estimated as half the order.

The nontrivial fact of a decrease in the value of d/dy at the next stage of evolution has not yet found a strict expla-
nation, but most likely it is owing to the dynamics of large objects with many nanoparticles that do not maintain stability
even at H # 0. After reaching the maximum size, aggregates decrease, and the longitudinal size decreases most rapidly.
There is no ideal restoration of the initial state (some peaks of the distribution of d are shifted to the region of even slightly
smaller values than at ¢ = 0).

On the whole, however, it can be stated that the system tends to a certain equilibrium state, in which its structural
elements have approximately the same dimensions as those formed in the colloid before external influence. Note that the
spread of d values associated with each group of aggregates described by individual functions (1) is comparable with the
distance between the peaks, so it is difficult to accurately determine the temporal and field behavior of the aggregates.
Thus, the graphs in Fig. 4 and 5 represent only the general nature of those. However, the field dependence (Fig. 5), taken
according to the method described above, still reflects the tendency for aggregates to enlarge after the switching on or
increase of H, despite the opposing processes of growth and decay of these formations.

Figure 5 does not show data related to very small scatterers (d ~ 60 nm), since their sizes are almost independent of
the field (Table 2). Perhaps this is due to the fact that they are non-magnetic inclusions that may be presented in samples
because of certain peculiarities of their manufacturing.

The specificity associated with the stabilizing method of the magnetic fluid is determined by the peculiarities of
the interaction of nanoparticles with a given type of surfactant deposited on their surface, that is, ultimately, from what



340 L. V. Pleshakov, V. A. Ryzhov, Ya. Yu. Marchenko, et al.

TABLE 2. Perpendicular geometry of the experiment

H, Oe | Time of action ¢, min | dp, nm

0 0 331.52
192.29
137.48
58.63
380 5 963.26
470.61
276.51
152.23
119.72
59.24
380 10 411.46
171.12

58.57
380 15 382.01
150.89
58.55
0 20 288.71
131.89
59.60

structure begins the formation of a new one after the application of the field. Idealized approach to the analysis of
ferrocoloids usually considers a medium with single nanoparticles dispersed in it, which gather into clusters when a
magnetic field is applied [17]. This is a simplification, since, as already was mentioned, even at I = 0 some amount of
large particle associates are almost always presented in such substances [14]. In our case at the initial state practically all
particles are already combined into very large aggregates (Fig. 2,3), which, most probably, is determined by the properties
of the citrate shell. Further growth of aggregates in the field can continue up to a certain limit and then their fragmentation
occurs. (It should be noted that the observed effect of the decrease of the amount of large objects cannot be explained by
their sedimentation, since the characteristic time of such a process, estimated by the Stokes formula, significantly exceeds
the measurement time.)

Electron microscopy confirms our assumption that nanoparticles in the studied materials tend to assemble into large
formations even in the absence of the external action. Despite the fact that these data were obtained under conditions
different from those under which the laser correlation spectroscopy experiments were performed, as well as the above-
mentioned distortions that occur when a ferrocoloid is deposited on a substrate, the result presented in Fig. 2 provides a
fairly convincing illustration of this property of our samples at a qualitative level. In the presence of agglomerates in the
liquid state with dimensions of the order of hundreds of nanometers similar to those shown in the figure, after applying a
magnetic field to the system, processes associated with their initial growth and subsequent fragmentation will develop.

6. Conclusion

In this paper, it is shown that large-sized aggregates can form in citrate stabilized aqueous magnetite-containing
ferrofluid without external magnetic field. Besides, the presence of large formations determines the unusual behavior of
the system in the field, which combines their conventional field-induced grows with the decay process. The latter begins
at a certain stage, after some limiting volume of aggregate has been reached. This information should be useful in the
analysis of colloids with a magnetically ordered substance dispersed in a medium of complex composition.
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