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Abstract. Nanoparticles combining iron oxide (higher 95 %) and manganese
oxide (below 5 %) have been prepared by mixing aqueous solutions of ferrous 
chloride, ferric chloride, cobalt chloride and ammonium hydroxide following by 
continued stirring and heating the forming colloidal Co-containing magnetite. 
The possibility of forming a stable nanotracer suspensions based on prepared 
nanoparticles in aqueous solutions of surfactants such as ammonium oleate and 
dimethylamine salt of oleic acid has been demonstrated. The particle size of the 
nanotracer has been determined by the Nanoparticle Tracking Analysis (NTA) 
method based on direct visualization and analysis of nanoparticles in aqueous 
media containing two types of surfactants. It has feen found that the medium 
size of nanoparticles doesn’t exceed 90 nm. The possibility of using the prepared
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nanotracer to assess the quality of liquid feed mixing in laboratory and industrial 
conditions has been shown.

Key words: Nanotracer, mixed iron-cobalt oxide, nanoparticle tracking 
analysis, stable suspension, particle size, liquid feed
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Аннотация. Темір оксиді (95 %-дан жоғары) мен марганец оксидін (5 %-дан 
төмен) біріктіретін нанобөлшектер темір хлориді, темір хлориді, кобальт 
хлориді және аммоний гидроксидінің сулы араластыру ерітінділері арқылы 
дайындалған, содан кейін коллоидты магнетит түзетін коллоидты магнетитті 
қыздыру және араластыру. Аммоний олеаты және олеин қышқылының 
диметиламин тұзы сияқты беттік белсенді заттардың сулы ерітінділерінде 
дайындалған нанобөлшектердің негізінде тұрақты нанотрасер суспензияларын 
қалыптастыру мүмкіндігі көрсетілді. Нанотазартқыштың бөлшектерінің 
өлшемі екі түрлі беттік белсенді заттар бар сулы ортадағы нанобөлшектерді 
тікелей визуализациялау мен талдауға негізделген Нанобөлшектерді бақылау 
талдауы (NTA) әдісімен анықталды. Ол нанобөлшектердің орташа өлшемі 
90 нм-ден аспайтынын анықтады. Дайындалған нанотрасерді зертханалық 
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және өндірістік жағдайларда сұйық жемді араластыру сапасын бағалау үшін 
пайдалану мүмкіндігі көрсетілді.

Түйінді сөздер: Нанотрасер, аралас темір-кобальт оксиді, нанобөлшектерді 
бақылау талдауы, тұрақты суспензия, бөлшектердің өлшемі, сұйық жем
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Аннотация. Наночастицы, сочетающие оксид железа (выше 95 %) и оксид
марганца (ниже 5 %), были приготовлены путем смешивания водных растворов 
хлорида железа (II), хлорида железа (III), хлорида кобальта и гидроксида 
аммония с последующим постоянным перемешиванием и нагреванием 
образующегося коллоидного Co-содержащего магнетита. Показана 
возможность формирования устойчивых суспензий нанотрейсеров на основе 
полученных наночастиц в водных растворах поверхностно-активных веществ, 
таких как олеат аммония и диметиламиновая соль олеиновой кислоты. Размер 
частиц нанотрейсера определяли методом отслеживания наночастиц (NTA), 
основанным на прямой визуализации и анализе наночастиц в водных средах, 
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содержащих два типа поверхностно-активных веществ. Установлено, что 
средний размер наночастиц не превышает 90 нм. Показана возможность 
использования приготовленного нанотрейсера для оценки качества 
смешивания жидких кормов в лабораторных и промышленных условиях.

Ключевые слова: нанотрейсер, смешанный оксид железа и кобальта, 
анализ отслеживания наночастиц, стабильная суспензия, размер частиц, 
жидкий корм

Introduction
The global feed industry produces more than 500 million tons per year. 

Producers waste labor, energy and capital when they mix feed longer than 
necessary to achieve a complete mixture (Rocha et al., 2022). Excessive mixing 
can also cause degradation of vitamins and drugs or lead to segregation (Sakhno  
et al., 2017). If the feed is not fully mixed, the feed portions will contain either 
too much or too little of the required ingredients. This excessive variability results 
in economic losses for feed users and can increase pharmaceutical residues. Test 
of periodic routine mixer is economically and ethically justified. The mid-1990s 
saw increased interest from regulators in many countries to ensure that medicated 
feeds are fully mixed and that all micronutrients are added as formulated.

The mixing of ingredients is an important process in feed production, as these 
ingredients must be combined effectively to provide the animals with a complete 
feed (McCoy  et al., 1994). The mixing process must create a random distribution 
of ingredients in all mass portions to provide animals with adequate daily nutrient 
intake (Çiftci, Ercan 2003). With the increasing use of low inclusion ingredients 
such as industrial amino acids and other additives, efficient mixing has become 
even more important for an adequate supply of nutrients (Groesbeck  et al., 2007). 
Furthermore, feed uniformity is desirable, if not essential, for maximum nutrient 
utilization, as each animal must receive a balanced feed containing nutrients and 
supplements in adequate concentrations to improve growth, productivity and 
health. Especially when animals are fed low daily intakes such as piglets and 
chicks.

Robinson (Robinson 2004) has proposed several types of indicators suitable 
for use as markers, containing information on the following: a) the designation 
of the crop variety associated with the agricultural product; b) a specific feature 
associated with the agricultural product; c) the genetic content of the agricultural 
product. The information contained in these markers, which may be made of paper, 
cardboard, plastic, rubber, metal, fiber, or other such material or materials, may 
be human readable, machine readable, or both. Human readable markers include 
alphanumeric characters, graphics, or several different color codes. This type of 
marker is also can be read machine. For example, an optical reader with optical 
reading character or other similar capabilities used to scan or display. 

Over the past 30 years, ferromagnetic tracer particles, which could separate 
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from the bulk mixture much faster and easier than previous tracers using magnetic 
separators, have been successfully used in practice.

List of patents (Eisenberg 1979, 1980, 1987) describes the use of ferromagnetic 
Microtracers (MTs), patented and manufactured by the American company Micro-
Tracers Inc. (San Francisco, USA). The composition of these MTs includes 
particles of iron or stainless steel (size from 150 to 350 microns), on the surface 
of which food dyes of various colors are adsorbed. It proposed to introduce 
ferromagnetic microtracers into mixing equipment as one of the microadditives at 
the recommended dosage of 50 g per ton of mixed feed.

The three types of existing iron-based micro tracers include the following: 
1. Microtracer F (iron grits 25,000 particles per gram);
2. Microtracer FS (stainless steel, 50,000 particles per gram);
3. Microtracer RF (reduced iron powder > 1,000,000 particles per gram).
When compiling vitamin, mineral or medicinal premixes, the microtracer

serves to indicate the presence of a premix in finished feeds, as well as to identify 
feed additives and feeds containing such additives, such as proprietary ones. In 
quantitative analysis, MicrotracersTM can be used to document mixing efficiency 
as well as the adequacy of "cleaning" mixers and other feed production equipment 
from batch to batch.

It should be noted that iron-based microtracers are generally not applicable 
for validating liquid feed mixing, as well as for coding liquid additives such as 
enzymes and evaluating their distribution in premixes and final feeds. To meet 
the growing demand, we have developed and tested a magnetically retrievable 
nanotracer containing iron oxide nanoparticles (Barashkov et al., 2008).

An analysis of the literature shows that one of the promising methods for 
obtaining liquid ferromagnetic materials includes a two-stage process: 1) 
preparation of ferromagnetic liquids (ferrofluids); 2) dispersion of ferrofluid 
droplets in an aqueous medium with the participation of an appropriate surface-
active substance (surfactant) (Kole, Khandeka, 2021; Irgibaeva et al., 2020; 
Barashkov et al., 2019).

The authors (Byland et al, 2022) report data on the magnetic properties of 
compounds based on cobalt with more than 33 at. % Co. They classified over 
13,000 compounds by structure type, cobalt content, and ground magnetic state. 
Many compounds have been identified as potential ferromagnets, and the authors 
confirm their ferromagnetic ordering theoretically through calculations and 
experimentally through synthesis and characterization.

A modified procedure (Sudol, 1977) was used to prepare a ferrofluid based on 
mixed iron-cobalt oxides. 

A mixture of 258 g of FeCl3 x 6H2O, 21.7 g of CoCl2 x 6H2O and 86.8 g of 
FeCl2 x 4H2O added to 1000 ml of water and a homogeneous solution obtained 
while stirring with a mechanical stirrer. A mixture of 350 ml of 28% aqueous 
ammonia solution and 350 ml of water was added to the resulting solution over 
75 seconds, which led to the formation of colloidal magnetite containing cobalt 

https://www.sciencedirect.com/science/article/abs/pii/S0304885321004984
https://www.sciencedirect.com/science/article/abs/pii/S0304885321004984
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oxide (FexCoyOz). The temperature of the mixture gradually brought to 90°C with 
constant stirring. Separately prepared a solution of 40 ml of oleic acid v 460 ml 
of heptane and heated to 90°C. The colloidal magnentite solution and the oleic 
acid solution stirred for 15 minutes. The top organic layer removed. As a result, 
a stable ferromagnetic fluid with a density of 1.038 g/ml and a viscosity of 4.3 cP 
obtained.

In the next step, the ferrofluid is dispersed in a 0.5 % aqueous solution of a 
surfactant: ammonium oleate or dimethylamine salt of oleic acid at a ferrofluid: 
surfactant solution ratio of 1:100 to 4:100 (w/w). After filtration through Whatman 
filter paper with a pore size of 5 microns, the stable suspension used to determine 
the size of the nanoparticles of the composition and colorimetric determination of 
the content of cobalt in the nanoparticles. The content of cobalt in prepared samples 
was evaluated by retrieving the nanoparticles from this suspension by neodimium 
magnet covered with ABC plastic, and treating it with 20 % aqueous solution of 
HCI. The concentration of cobalt was determined by spectrophotometric analysis 
of blue complex formed by CoCl2, diethylamine, NH4SCN, acetate ammonia in 
solution of dimethylsulfoxide with absorbance maximum at 667 nm (Barashkov 
et al., 2008).

Possible applications of the prepared stable suspension of ferromagnetic mixed 
iron-cobalt oxide nanoparticles related to testing the mixing quality of liquid 
feeds, as well as coding liquid additives such as enzymes and evaluating their 
distribution in premixes and finished feeds. FexCoyOz nanoparticles combining 
iron oxide (above 95 %) and cobalt oxide (below 5 %) as components of a 
magnetically extractable liquid marker (nanotracer slurry) tested in laboratory and 
production tests. A laboratory test with the addition of a suspension of nanotracer 
(mixed with a liquid enzyme added to the feed at a concentration of 110 ppm) 
at a level of 100 ppm to dry food, followed by the extraction of ferromagnetic 
nanoparticles and analysis of their cobalt oxide content, gives approximately 75 
% nanotracer recovery. 

Table 1 shows the results of industrial testing of the proposed liquid indicator, 
conducted with a major European manufacturer of pig feed. In this case, the 
addition of a 0.2 % (w/w) nanotracer stable suspension used to assess the mixing 
quality of several liquid ingredients in a 500 kg liquid pig feed mix.

The data presented in Table 1 interpreted using Poisson and Xi-squared 
statistics. Poisson statistics provides methods for determining the critical value 
of the response variable and the minimum detectable value in measurements of 
the Poisson distribution. This applies when both background noise and signal 
changes described by a Poisson distribution. The normal approximation used 
to approximate the Poisson distribution with the normal distribution according 
to ISO 11843–3 and ISO 11843–4. The accuracy of the normal approximation 
versus the exact Poisson distribution discussed in Annex C of these documents.  
ISO 11843–3:2003 gives a method for estimating the critical value of the response 
variable from the mean and standard deviation of repeated measurements of the 



288

ISSN 2224-5227 1. 2023

reference state in certain situations in which the value of the net state variable is 
zero, for all reasonable and foreseeable purposes (ISO11843–3: 2003).

Data presented in Table 1 consider a series of counts (optical density values) 
as a Poisson distribution, and estimate the probability value.

There are three types of assessment of the homogeneity of the obtained 
mixtures:

a) Complete mixing (probability above 5 %);
b) Intermediate (probability above 5 %);
c) Incomplete mixing (probability below 1 %).

Table 1 – Results of an industrial test for the quality of mixing using a suspension of the
FexCoyOz ferromagnetic nanotracer based on mixed iron-cobalt oxide nanoparticles.

Parameter Number of analyzed sample

1 2 3 4 5 6 7 8 9 10 11 12
Cobalt concentration in the sample 
(absorbance units at 667 nm) x 104

90 83 74 80 92 91 96 100 83 104 95 60

Average concentration value 87.33
Standard deviation, +/- 12.18
The coefficient of variation %, +/- 13.94
Xi-square 18.67
Probability, % 4.46

Nanoparticle Tracking Analysis (NTA)
NTA is a newly developed method for real-time direct visualization and analysis 

of nanoparticles in liquids (Malloy, Carr 2006; Dragovic et al., 2011). Based on 
laser-illuminated microscopic technique, the Brownian motion of nanoparticles 
is analyzed in real time with a CCD camera, with each particle simultaneously 
but separately visualized and tracked by a dedicated particle-tracking image 
analysis program. The ability of NTA of simultaneously measure of particle size 
and particle scattering intensity allows separation of heterogeneous mixtures 
of particles, and, importantly, particle concentration directly estimated. Also 
the profile distribution of particle size obtained by NTA being a direct number/
frequency distribution.

NTA (Nanoparticle Tracking Analysis) Methodology
A finely focused laser beam passes through an optical plane with a prism edge 

whose refractive index is such that the beam refracted at the interface between the 
plane and the liquid layer above it (Figure 1).
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Fig. 1. – Methodology of the NTA method [Enfrin et al., 2021; Hole et al., 2013]

Due to refraction, the beam is concentrated on a low-profile area of intense 
illumination, in which the nanoparticles present in the liquid film can easily 
visualized using a microscope objective with x20 magnification mounted on a 
conventional microscope optical chain. A CCD camera operating at 30 frames per 
second used to capture video images with a field of view of approximately 100 
µm x 80 µm.

The camera shows that the particles in the scattering volume move rapidly in 
Brownian motion. The NTA program simultaneously determines and tracks the 
center of each particle frame by frame. The average distance each particle moves 
along the x and y axes in the image is calculated automatically. From this value, 
the particle diffusion coefficient Dt can be obtained and, knowing the temperature 
of the sample and the viscosity of the solvent, the particle size can be calculated.

The hydrodynamic diameter (dh) is calculated using the Stokes-Einstein 
equation.

Samples should contain between 107 and 109 particles/mL to be able to analyze 
a sufficient number of particles within a reasonable period (e.g., <60 seconds) from 
which a statistically significant and reproducible particle size distribution profile 
can be obtained, sample dilution is often required to achieve this concentration.

Fig. 2 – shows the results of an NTA analysis of a dispersion of the FexCoyOz nanotracer in a 0.5 
% aqueous solution of dimethylamine salt of oleic acid (DMAOA).



290

ISSN 2224-5227 1. 2023

Fig. 2. – Results of NTA analysis of FexCoyOz nanotracer dispersion in 0.5% aqueous solution 
of dimethylamine salt of oleic acid.

Table 2 – Particle size distribution in nanotracer suspension dispersed in solutions with two 
different surfactants.

D Values * Sample A (0.5% DMAOA 
solution)

Sample B (0.5 % ammonium oleate 
solution)

found normalized to 100 
%

found normalized to 100 %

D10 41 12.1 76 13.9
D50 76 22.4 118 21.6
D90 128 37.6 210 38.5
D70 95 27.9 142 26.0

Total number of analyzed particles
340 546

*) D10, D50, D70 и D90 are average particle sizes less than 10, 50, 70 and 90 
nm, respectively.

The following is a description of the procedure for extracting the FexCoyOz   
ferromagnetic nanotracer from a sample of dry calf feed.

1000 g of dry calf food from a commercial supplier was mixed with 10 ml of 
a suspension containing nanotracer in 0.5 % ammonium oleate aqueous solution 
(Co content 80 mg/1000 ml). The mixture divided into 4 equal portions of 250 g 
each. Each portion placed in a 1000 ml plastic container with a mixture of 400 ml 
of deionized water and 20 g of a surfactant solution prepared by dissolving 1.79 
g of oleic acid in 100 ml of 2.5 % ammonium hydroxide solution. A powerful 
neodymium magnet, 3.8 cm in diameter and 1.9 cm in height, was placed under 
the bottom of the plastic container. The mixture was mechanically stirred for 
30 minutes with a stirrer (Arrow Engineering, Inc.). The contents of the plastic 
container were then carefully transferred (during this procedure, a Ne-magnet 
was kept under the container) into a beaker. The next portion of 250 g of food and 
liquid microtracer placed in the same container and the procedure repeated again. 
The same procedure used for the third and fourth servings. After processing the 
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fourth portion, the bottom of the container washed with 50-80 ml of deionized 
water. The black-brown ring of ferromagnetic sediment at the bottom of the plastic 
container contains the FexCoyOz nanotracer extracted from the feed sample along 
with the iron-containing particles originally present in the feed.

A mixture of 70 ml of deionized water and 10 g of a surfactant solution 
which was prepared by dissolving 1.79 g of oleic acid in 100 ml of 2.5 % 
ammonium hydroxide solution was added to a plastic container (with a mixture 
of ferromagnetic products extracted from the feed). The contents of the container 
mechanically stirred for 30 min using a stirrer, which resulted in dispersion of 
the nanotracer in the surfactant solution. The prepared suspension filtered from 
insoluble iron particles through Whatman No.1 filter paper.

Potential applications for the prepared stable suspension of the FexCoyOz 
nanotracer include the validation of liquid feed mixing, as well as the coding 
of liquid additives such as enzymes and the evaluation of their distribution in 
premixes and final feeds.

Conclusions
1. A method for obtaining a ferromagnetic nanotracer based on iron and cobalt

oxides FexCoyOz has developed and the possibility of forming a stable nanotracer 
suspension in aqueous solutions of surfactants was shown.

2. The particle size of the nanotracer was determined by the NTA method based
on direct visualization and analysis of nanoparticles in aqueous media containing 
two types of surfactants.

3. The possibility of using the FexCoyOz nanotracer to assess the quality of
liquid feed mixing in laboratory and industrial conditions was demonstrated.
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