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1.

GENERAL INTRODUCTION

Radioisotopes, as tracers, have been widely used throughout industry to optimize
processes, solve problems, improve product quality, save energy and reduce pollution. Their
technical, economic and environmental benefits have been well demonstrated and recognized
by the industrial and environmental sectors. The most important radiotracer techniques have
been transferred to many developing Member States through the technical cooperation
projects of the International Atomic Energy Agency (IAEA).
In carrying out a tracer study, it is of fundamental importance that the tracer compound
should behave in the same way as the material to be investigated. The selection of an
appropriate tracer is crucial to the success of a tracer study. As the traced materials and
tracing circumstances are widely different, the requirements on the characteristics of the tracer
compounds vary accordingly. It is a matter of vital importance to select a right tracer for the
success of the experiments. An industrial radiotracer must meet the following basic
requirements to guarantee reliable results:
The behavior of a tracer should be identical with the traced substance so that the tracer
faithfully follows the substance through the system.
The radioisotope should have a half-life comparable with the time for transportation and
the transit time through the system.
If sampling is to be avoided, the isotope must have gamma rays of energy sufficient to
transmit through the walls of industrial process vessels.
Radioisotope labeled tracers should be chemically stable to ionizing radiation and
should be capable of surviving harsh process conditions.
It is often difficult to find a radiotracer that meets all of the above requirements, and
compromises may need to be made. Even then, it is sometimes difficult to find an appropriate
radioisotope or labeled compound for a specific tracer experiment. Many potentially useful
radiotracers are often not readily available to small tracer groups around the world. Only a
limited number of R&D institutions have the competence and capacity to evaluate and
produce tailor-made tracers.
Even when such radiotracer can be produced, the problem of stability of the compound
in harsh conditions remains. A partial solution may be to develop further
radioactive/activable functionalized nanoparticles. The gamma emitting metal nanoparticles
have the potential to be utilized as a tracer in petrochemical and refinery industrial processes
where the internal temperature is extremely high and the conventional organic radioactive
labelled compound would be decomposed. The metal nanoparticles have ability to be
dispersed in hydrophilic as well as hydrophobic medium, depending on the surface structure.
There are a number of literature databases available for synthesis of different kind of metal
and metal oxide nanoparticles in different media with a variety of capping agents. Some
radioisotopes, which have been used for industrial problem solving over the years, whose
nanoparticles (non-radioactive) in a suitable chemical form can be synthesized are listed in
Table 1.
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TABLE 1. RADIOISOTOPES USED IN INDUSTRIAL TRACER STUDIES, WHOSE
NANOPARTICLES (NP) CAN BE SYNTHESIZED AS REPORTED IN
LITERATURE (NP OF NONRADIOACTIVE ISOTOPES)
Radioisotope
Half life
Major
gamma Chemical form References
energy
(KeV) of nanoparticles
(Intensity)
(NP)
46

Sc

84 d

889 (100 %), 1121 Sc2O3
(100 %)

[1,2]

51

Cr

2.7 d

320 (10 %)

Cr2O3

[3,4]

56

Mn

2.6 h

847 (99 %), 1810 MnO2
(27 %), 2113 (14
%)

[5,6]

59

Fe

44.5 d

1099 (57 %), 1292 Fe2O3
(43 %)

[7,8]

64

Cu

12.7 h

511 (36 %)

Cu2O, Cu NP

[9]

65

Zn

244 d

1116 (51 %)

ZnO

[10,11]

110m

249.7 d

658 (94 %), 885 (72 Ag NP
%), 937 (34 %)

[12,13]

140

La

40 h

1600 (95 %), 816 La2O3
(23 %), 487 (45 %)

[14]

198

Au

2.7 d

412 (97 %)

Au NP

[15]

203

Hg

46.6 d

279 (81 % )

HgO

[16]

Ag
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2.

NANOPARTICLES

2.1. DEFINITION AND TYPES OF NANOPARTICLES
Nanoparticles (NPs) are small solid objects in the nanometer range size. Usually the size of
nanoparticle is defined under 100 nm at least in any one dimension; nevertheless we can
consider that all objects under 1 micron are included in the definition of nanoparticles for
nanotracers. Nanoparticles can have amorphous or crystalline form. These particles can be
designed to contain radioactive functionality whereby they either contain radioactive nuclei
(radionuclides) or nucleii those can be activated by neutron capture to become radioactive.
These NPs provide the advantage of increased local concentration in one element compare to
molecules or ions. Due to their nanometer size, sedimentation doesn’t occur. Gravitation is
often compensated with the Brownian motion, and stable colloidal solution can be developed.
The particles are characterized by their composition and structure. Besides these two different
points, nanoparticles are also defined in function of their sizes, their surface charges, and their
surface chemistries (in particular the hydrophilic/hydrophobic ratio). Solid constitution of the
nanoparticles opens the way also to high temperature tracers with a high stability and other
complex requirements specifications for radiotracers.
The nanoparticles can be categorized in two major families: inorganic nanoparticles and
organic nanoparticles. A third family of nanoparticles can be defined between these two
groups, it concerns Nano-hybrid particles, i.e. inorganic core particles, surrounding with an
organic shell. Although there exist many different types of nanoparticles, but only some
specific types of nanoparticles are discussed in this report.
2.1.1.

Inorganic nanoparticles

Inorganic NPs have recently gained much interest because of their unique
physicochemical properties, unparalleled with traditional lipid- or polymer-based NPs. More
specifically, features such as chemical inertness, stability and chemical versatility make them
very attractive for multimodal applications.
Gold and metallic nanoparticles
Gold nanoparticles (GNPs) possess very interesting properties (optical properties in
particular with plasmonic effect), making them attractive for guided hyperthermia in
nanomedicine and detection applications. Their optical and electronic properties can be
readily tunable by varying the size, shape or aggregation state.
Gold is a noble metal, starting from salts, it is easy to synthesize by a reduction step and
particles present an excellent chemical stability. It has been published several thousands of
paper concerning the synthesis of nano-gold. The wet chemical synthesis is a major approach
to prepare GNPs; for example, the most popular method of synthesis for gold nanoparticles
(AuNPs) is based on the use of HAuCl4 (AuIII) salt, which is reduced to metallic Au(0) in
aqueous solution and stabilized with a chemical agent. Sulfide organic compounds (R-SH) are
very efficient to adjust the surface chemistry of nano-gold and prevent against agglomeration.
Quantum dots
Quantum Dots (QDs) are inorganic fluorescent semiconductor NPs with tunable
fluorescence emission for optical imaging. QDs are composed of a variety of metal complexes
(e.g. indium arsenate, cadmium selenium and lead selenium) and must be made water-soluble
via hydrophilic encapsulation, usually a ZnS shell exposing carboxyl groups. Transition metal
sulfide possesses very low solubility and can be think for environmental highly diluted
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applications. They can be obtained in one step process, directly with radioactive metallic salts.
Second interest with QDs is also their fluorescence, and they can be used like fluorescent
tracer for biological applications.
Iron oxide nanoparticles
Iron oxide super-paramagnetic particles have been widely studies. A lot of chemical
preparations have been published and many commercial compounds are available. In medical
application for example, the iron oxide nanoparticles (IONPs) Fe3O4 have unique abilities
such as low clinical toxicity and, because of high T2 relaxivity for enhanced contrast, the
property to enhance MR contrast. The core is composed of ferric iron (Fe3+) and ferrous iron
(Fe2+). The most common method for the production of IONPs is the chemical coprecipitation
technique of iron salts in aqueous medium.
Second interest with these iron oxide nanoparticles is their magnetic property.
Magnetism can be used for detections but also, more interestingly here, for extraction and reconcentration of the tracers.

Rare earth oxides and fluorides nanoparticles
Lanthanides may be considered as interesting chemical elements for radiotracers. Their
chemical properties are almost the same for all the different rare earth elements; hence a lot of
different nanoparticles can be obtained by varying the salt compositions easily.
Syntheses of nano-fluorides or nano-oxides have been widely studies, and a direct one
step precipitation process has been proposed. For example a very interesting simple process
by a direct precipitation in diethylen-glycol (DEG – a high boiling alcohol) is of a great
interest. These syntheses give high concentrated nano-oxide in the nm size (~5 nm), with a
high colloidal stability [17,18]. These compounds can be further functionalized (for example
with a sol-gel polysiloxane process) or directly used in colloidal solution or dispersed in the
suitable solvent [19].
Lanthanides are good building blocks as multimodal imaging probes due to their unique
luminescent and magnetic properties. For instance, Gd3+ shows high paramagnetic relaxivity
and can be used as a contrast agent for MRI. In addition, other lanthanide ions exhibit upconversion luminescence (e.g. NaYF4 doped with Yb3+ and Er3+).
Silica based nanoparticles and polysiloxanes:
Silica nanoparticles (SiNPs) have been widely studied, they are commercial available,
and a lot of synthesis routes have been proposed. The sol-gel process based on the Stöber
method, or derived from this method, is widely used to synthesize SiNPs due to its ability to
control the particle size, the size distribution and the morphology. Silica Nanoparticles also
attracted a great deal of interest because they are chemically inert, optically transparent and
easily functionalized through surface chemistry. The presence of hydrophilic surface silanol
(Si-OH) groups and deprotonated (Si-O-) groups makes SiNPs water dispersible. Also, the
inner silica matrix can be easily loaded with fluorophores. The process involves hydrolysis
and condensation of metal alkoxides (such as tetra-ethoxysilane) in the presence of mineral
acid or base as catalyst. An example of multimodal simple nanoparticles is given in the paper
by Martini and et al., with silica nanoparticles around a gold core [20]. Silica based
nanoparticles are ideal particles for stable covalent surface functionalization, due to the high
stability of the Si-C bonds in the silane compounds.
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2.1.2.

Organic nanoparticles
Organic nanoparticles have been widely studies for drug delivery applications.

Polymer nanoparticles
Polymer nanoparticles have been utilized in an increasing number of fields during the
last decades. Two main strategies are employed for their preparation: the dispersion of
preformed polymers and the polymerization of monomers. Various techniques can be used to
produce polymer nanoparticles, such as solvent evaporation, salting-out, dialysis, supercritical
fluid technology, micro-emulsion, mini-emulsion, surfactant-free emulsion, and interfacial
polymerization. The choice of method depends on a number of factors, such as, particle size,
particle size distribution, area of application, etc.. [21].
Liposomes
Liposomes are lipid bilayer NPs surrounding an aqueous inner compartment that can
trap lipophilic or hydrophilic drug molecules. Generally, liposome composition includes
phospholipids, mostly phosphatidylcholine and phosphatidylethanolamine, as well as
cholesterol to improve the membrane properties. Preparation methods depend on the
physicochemical properties of the material to be entrapped and the nature of the medium in
which the particles are to be dispersed. Generally, the lipids are dissolved in an organic
solvent which is subsequently removed to yield a lipid film. This film is then hydrated to form
multi-lamellar vesicles. At last, the particle can be downsized by sonication or extrusion.
Dendrimers
Dendrimers are repetitively branched spherical polymers. Imaging agents can be
integrated in the polymer matrix with high loading efficiency. Particle size, molecular weights
and chemical composition can be finely tuned by controlling the degree of polymerization.
Dendrimers are generally prepared using divergent or convergent methods. In the former, the
polymer matrix grows outward from a functional core (generally through a Michael reaction),
thus building the NP layer after layer. If this route enables the production of large quantities,
it suffers from the presence of side reactions that leads to structure defects. The latter method
circumvents this issue by constructing the dendrimer inwards from the end groups.
Micelles
Micelles are particles resulting from the self-assembly of soluble copolymers with lipids
(such as polyethylene glycol-phosphatidyl ethanolamine). The typical structure is composed
of a hydrophobic core and hydrophilic outer shell and has been recently used as carrier for
water-insoluble drugs. Also, micelles are gaining an increasing interest for tumor imaging due
to their high stability and biocompatibility.
Ferritin
Ferritin is a family of protein produced by almost all living organisms. Each ferritin
forms a cage-like nanostructure with a diameter around 10 nm. This architecture provides
unique opportunities for functional loading and surface functionalization, while the hollow
core of ferritin can bind a wide range of metals (e.g. gadolinium as a MRI contrast agent) with
high affinity.

5

2.1.3.

Hybrid nanoparticles with functionalization

Hybrid nanoparticles consist mainly of inorganic core nanoparticles surrounding with a
shell or simple layer of organic compounds. The primary purpose of the surrounding layer is
to protect the nanoparticles against agglomeration, give a colloidal stability. By suitable
functionalization of the surface layer can also be extend to various specific surface
modification for specific interaction with the environment (for example targeting or smart
tracers). More specifically, concerning nano-radiotracers, hybrid functionalization can allow
us to graft on the nanoparticles some specific chelating compounds, with high efficiency for
radiolabeling. The most widely used radiolabeling strategy involves the use of exogenous
chelators which could coordinate with certain radioisotopes to form stable complexes [22].
Also the radioisotope may also be attached to the NP through a linker, e.g. a hydrocarbon
chain, a peptide or a polyethylene glycol unit. Polysiloxane and sol-gel process using reactive
silanes are efficient techniques in order to obtain stable functionalized hybrid nanoparticles
[23].

2.2. SYNTHESIS APPROACH
The chemical method for synthesis of nanoparticles is primarily divided to two types,
i.e, reduction method and sedimentation method [24]. Furthermore, these two methods are sub
divided to different methods as shown in Fig. 1. By controlling concentration of the reducing
agent, the capping agent, the reaction time and the temperature in chemical reduction method,
the size and shape of the nanoparticles can be fine-tuned. This method is a facile, quick and
comparatively low cost process. Besides the chemical reduction method, other reduction
methods are known, such as photo-reduction, gamma radiolysis, ultrasonic waves and
microwave method can be used to prepare nanoparticles. These methods do not use any
external chemical reducing substance; thereby no extraneous impurities are added to the
nanoparticles.
Another method, which is widely applied for synthesis of metal oxide nanoparticles is
sol-gel method, which comes under sedimentation method. In this method a solution of a
metal alkoxide forms sol by hydrolysis, followed by polycondensation to form gel. However,
when the nanoparticles are dried, aggregation of the particles may occur leading to increase in
particle size. In this method, re-dispersion of the nanoparticles can be possible.
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FIG 1. Different types of chemical methods for synthesis of nanoparticles.

2.3. CHARACTERIZATION TECHNIQUES
To know the size, shape, morphology, size distribution, surface charge, crystalinity
and composition of nanoparticles; different techniques, such as, spectrophotometer,
dynamic light scattering (DLS), zeta potential measurement, transmission electron
microscope (TEM), scanning electron microscope (SEM) and X-ray diffraction technique
(XRD) are employed and (EDX) [25].
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3.

SCOPE OF NANOPARTICLES FOR INDUSTRIAL APPLICATIONS

Radiotracers must be prepared in such a way that they are compatible with
materials under investigation. For instance, they are prepared in the form with either
hydrophilicity or lipophilicity in accordance with the phase of flow material. For
convenient application of nanoparticles, an extensive knowledge on their behavior in
different physical/chemical form needs to be collected through a variety of researches
dedicated to this specific subject.
As shown in Table 1 several radioisotopes, which are already being used as
tracer can be synthesized in nanosize by adopting proper labeling procedure as their
nonradioactive nanoparticles have been synthesized and reported [1-16]. Gold as 198Au
is a well know radiotracer used in industry. Natural gold (Au-197) when activated with
thermal neutron produces radioactive gold (Au-198). The thermal neutron cross-section
for this reaction is 98.65 barns. Au-198 is a gamma emitting radionuclide having gamma
energy 412 KeV (99 %) and it has half-life of 2.7 days. Having suitable gamma energy
and half-life, Au-198 is already been used as a radiotracer for tracing aqueous phase and
solid phase over the years. The nanoparticles of Au-198 dispersed in suitable organic
medium have the potential to be used as tracer in organic phase tracing at high
temperature.
Also a number of literatures are available on synthesis of gold nanoparticles. Hence
gold nanoparticles can be undoubtedly regarded as one of the more stable and more
interesting element for radiotracer applications. However their surface chemistry
(organic interaction with amino group, thiol, carboxylate) is not that straightforward to
build a tracing technology in complex environment. Many researchers have prepared
polysiloxane coated gold nanoparticles using Stöber method for various types of
applications (Figure 2). Polysiloxane gold nanoparticles can be sintered to get
gold@silica core-shell type nanoparticles. The main advantages of the nanosilica shells
are: chemical inertness, simple synthesis steps, scalable, cost effective and easy to adjust
the size between 10 nm and 1000 nm.
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FIG. 2. Gold – lanthanide smart tracers - Polysiloxane based platform for environmental tracing (source ILM –
Nano-H – Lyon University) [26].

The sol gel method based on inorganic polymerization reaction. This process
involves four steps: hydrolysis, polycondensation, drying and thermal decomposition.
The size of sol particle depends on the solution composition, pH and temperature.
3.1. CHEMICAL METHOD OF SYNTHESIS OF GOLD NANOPARTICLES
Various synthesis methods exist for preparation of gold nanoparticles, such as,
chemical, photochemical, sonolysis and radiolysis method. The chemical method of
preparation is discussed in this report.
The well-known Turkvich method [16] is used for synthesis of gold nanoparticles
in aqueous phase. In this method, sodium citrate is added to boiling solution of chloroauric acid and the solution was kept in the boiling condition for a few minutes to obtain
the gold nanoparticles.
To prepare gold nanoparticles in the organic phase Brust–Schiffrin method [27]
can be applied. In this method AuCl−4 is transferred from aqueous phase to toluene using
tetraoctylammonium bromide as a phase-transfer reagent. The AuCl−4 is reduced by
NaBH4 producing gold nanoparticles, which are stabilized by alkanethiols present in the
organic phase.
3.2. SYNTHESIS OF SILICA COATED GOLD NANOPARTICLES
Core-shell silica coated gold nanoparticles can be synthesized by sol gel method.
The method consists of first preparation of aqueous gold nanoparticles by chemical
reduction method, hydrolysis and condensation of silicone alkoxide (TEOS, AMPTS) in
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presence of ammonia in alcohol medium with vigorous stirring. Hence silica layer will be
coated on gold nanoparticles.
3.3. SYNTHESIS OF RADIOACTIVE GOLD NANOPARTICLES
Two different approaches can be adopted for synthesis of radioactive gold
nanoparticles. In the first approach, starting with radioactive chloro-auric acid as
precursor, one can prepare the nanoparticles. The preparation method is same as that in
case of non-radioactive nanoparticles.
Another approach is to first prepare the gold nanoparticles, then to separate and
dry the nanoparticles and these nanoparticles are neutron activated in a nuclear reactor.
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4.

PROCEDURE FOR RADIOLABELLING

4.1. POSSIBLE LABELLING CATEGORIES
The procedure and the choice of radiolabel (radionuclide) depend on the nature of
the nanoparticle: They may consist of relatively simple metals, metal oxides or inorganic
compounds or have a more complicated composition like dendrimers composed mainly
of organic molecules or metal/metal oxide cores surrounded by a shell of silica onto
which further functionalization in the form of metal chelates or organic fluorophores
and even polymers may be grafted.
One may roughly classify the radiolabelling methods in two main categories:
1. Radiolabelling of the readymade particles by:
a. Neutron irradiation by thermal, epithermal or fast neutrons to create the
radionuclide directly in the particle. Neutrons may come from a nuclear reactor
or a neutron generator.
b. Charged particle irradiation from a particle accelerator (linac or cyclotron) where
bombarding particles may be protons, deuterons, 3He or alpha particles. Useful
reactions may be achieved roughly in the energy range 8-70 MeV depending on
the particle type and the chemical element to be irradiated.
c. Recoil/hot atom labelling where the particles to be labelled are mixed with, and
stay in close contact with a radioactive substance which upon decay creates a
recoiling atom with sufficient energy and reactivity to induce covalent chemical
bonds to molecules (organic) in the nanoparticle. Examples are the unspecific
labelling of tritium (Wilzbach method): When one of the tritium atoms in the T2
molecule decays, it creates both recoil and a very reactive Tˑ radical of the
remaining tritium atom which may bind to the nanoparticle.
2. Labelling of the nanoparticles by pre-prepared radionuclides from neutron or
charged particle irradiation of suitable target material:
a. To be incorporated in the nanoparticle already from the beginning of the
nanoparticle synthesis/creation
b. To be grafted onto the silica shell of the pre-prepared particle by chelation
reaction of the (mostly metallic) radionuclide. The chelate former may be
part of the pre-prepared particle or may be added during the
complexation reaction.
Points 1 a and b above suffer from the hazard of particle destruction due to the
high radiation field (potential breakage of chemical bonds) and hot-atom reactions
taking place during the nuclear reactions. These procedures therefore will have to be
executed with care. Potentially, a purification step will have to be included after the
irradiation in order to remove any radioactive substances not bound properly in the
nanoparticles before the particles can be applied for the intended purpose.
Point 1 c applies mainly to tritium labelling, and will have minor interest for the
intended non-destructive and non-intrusive on-line applications of nanoparticle tracers
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in industrial monitoring where mostly gamma-emitting radiolabels are required. Some
physical (and chemical?) entrapment may also be possible of recoiling nuclei after alpha
decay of radionuclides in the natural radioactive series starting with 232Th, 235U and 238U,
but these radionuclides are not further considered in this report.
One interesting aspect is the possibility to apply a high radiation field (gammas, xrays, lasers, microwaves) for on mixtures of objects for labelling and solutions of premade radionuclides, either in the form of ions or in the form of pre-prepared chelates or
organometallic compounds. It seems that there are not many published investigations in
this subject, and hardly any for grafting of metallic radionuclides onto nanoparticles. If
this would be possible, there will probably be several reaction products formed, which
will require a work-up of the reaction mixture after irradiation. This may be a subject for
future investigations.
The procedures of points 2 a and b require access to hot-cells capable of handling
elevated levels of radioactivity like B-laboratories and in some cases also A-laboratories.
Automation of procedures is desirable for handling of the most short-lived radionuclides
of interest. The remaining part of this chapter will not dive deeper into labelling
procedures, and will only consider possible radionuclide labels made by thermal
neutron irradiation.

4.2. POSSIBLE NEUTRON-INDUCED GAMMA-EMITTING RADIOLABELS
The possible gamma-emitting radiolabels have been categorized in three tables below:
Those with half-lives in the range 10 min < T1/2< 10 days (Table 2), those with half-lives in
the range 10 days < T1/2<1 year days (Table 3) and some special radionuclides with T1/2> 1
year (Table 4).
The tables have a colour code with the following explanation:
• For the column on Radiation type and main energies (intensities):
o Green colour means gamma-ray absolute intensities of the strongest gamma
line in the range 50 – 100 %
o Yellow colour means gamma-ray absolute intensities of the strongest gamma
line in the range 10 – 50 %
o Blue colour means gamma-ray absolute intensities of the strongest gamma line
in the range 1 -10 %
o Red colour means gamma-ray absolute intensities of the strongest gamma line
below 1 %
• For the column on Natural content of target nuclide (%).
o Green colour means natural abundance of the target nuclide in the range 50 –
100 %
o Yellow colour means natural abundance of the target nuclide in the range 10 –
50 %
o Blue colour means natural abundance of the target nuclide in the range 1 – 10
%
o Red colour means natural abundance of the target nuclide < 1%
• For the column on Reaction cross section (barn):
o Green colour means thermal neutron reaction cross sections > 10 barn
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o Yellow colour means thermal neutron reaction cross sections in the range 1-10
barn
o Blue colour means thermal neutron reaction cross sections in the range 0.1-1
barn
o Red colour means thermal neutron reaction cross sections < 0.1 barn

TABLE 2. POSSIBLE NEUTRON-INDUCED GAMMA-EMITTING RADIOLABELS
(HALF-LIFE: 30 MINUTES – 10 DAYS)
Radionuclide

Half-life

Radiation type and main energies (intensities)

Nuclear reaction

24

14.96 h
37,18 min
12.36 h
4.54 d
2.58 h
2.52 h
12.70 h
13.8 h
14.1 h
26.4 h
57.3 min
17.6 min, fed by
4.42h 80mBr
35.34 h
2.81 h
16.8 h

β-: 1.4 MeV, γ: 2754 (99.86%), 1368 (99.99%) keV
β-: 4.9 MeV, γ: 2168 (44.4%), 1642 (33.29%) keV
β-: 3.5MeV, γ: 1524 (18.08%) keV
β-: 0.7, 2.0MeV, γ: 1297 (67%), 808 (5.9%) keV
β-: 2.8MeV, γ: 847 (98.87%), 1811 (27.19%) keV
β-: 2.1MeV, γ: 1482 (23.59%), 1115 (15.43%) keV
EC,β+: 0.7, β-: 0.6MeV, γ: 1346 (0.48%) keV
β-:(weak),γ/IT:439 94.77%)keV
β-: 1.0, 3.2MeV, γ: 834 (95.45%), 2202 (26.87%) keV
β-: 3.0MeV, γ: 559 (45%), 657 (6.17%) keV
β-: (weak), γ/IT: 107 (12.79%)keV
EC, β+: 0.9, β-: 4.9 MeV, γ: 816 (6.69%), 666 (1.08%)
keV
β-: 0.4MeV, γ: 776 (83.4%), 554 (71.06%) keV
EC (weak), γ/IT: 388 (82.35%)keV
β-: 1.9MeV, γ: 508 (5.03%), 743 (93.09%) keV

23

97

74 min

β-: 0.2, 0.9MeV, γ: 758 (98.23%)keV

93m

Mo
99
Mo
101
Mo

6.9 h
66.0 h
14.6 min

γ/IT: 147799.08%), 685 (99.68%) keV
β-: 1.2 MeV, γ: 740 (12.3%), 182 (6.14%) keV
β-: 0.8, 2.6 MeV, γ: 192 (18.21%), 1013 (13.02%) keV

99m

Na
Cl
42
K
47
Ca
56
Mn
65
Ni
64
Cu
69m
Zn
72
Ga
76
As
81m
Se
38

80m+g

Br

82g

Br
87m
Sr
97
Zr
Nb

Tc

Natural
content
of
target
nuclide (%)
100
24.23
6.73
0.0041)
100
0.926
69.17
18.8
39.89
100
49.61

Reaction
cross
section (barn)

79

50.69

10.8 (m+g)

81

Br(n,γ) 82m+gBr
86
Sr(n,γ)87mSr
96
Zr(n,γ)97Zr
96
Zr(n,γ)97Zr→β-decay
(generator)
92
Mo(n,γ)93mMo
98
Mo(n,γ)99Mo
100
Mo(n,γ)101Mo
98
Mo(n,γ)99Mo→β-decay
(generator)
100
Mo(n,γ)101Mo→β- decay
(generator)
96
Ru(n,γ)97Ru
104
Ru(n,γ)105Ru
104
Ru(n,γ)105Ru→β-decay
(generator)
110
Pd(n,γ)111mPd
110
Pd(n,γ)111mPd→β-decay
(generator)
110
Cd(n,γ)111mCd
114
Cd(n,γ)115gCd
116
Cd(n,γ)117mCd
116
Cd(n,γ)117gCd
112
Sn(n,γ)113Sn→ECdecay
(generator)
114
Cd(n,γ)115gCd→β- decay
(generator)
115
In(n,γ)115m1In
116
Cd(n,γ)117gCd→β- decay
(generator)
116
Cd(n,γ)117gCd→β-decay
(generator)
122
Sn(n,γ)123mSn

49.31
9.86
2.801)

2.64 (m+g)
0.81
0.020

2.801)

0.020

14.84
24.13
9.63

0.020
0.14
0.19

24.13

0.14

9.63

0.14

5.52
18.7

0.25
0.47

18.7

0.47

11.72

0.033

11.72

0.033

12.49
28.73
7.49
7.49

0.06
0.30
0.026
0.052

0.97

0.40

28.73

0.30

95.7

161 (m1+m2)

7.49

0.052

7.49

0.052

4.63

0.13

126

127m+g

57.36

5.9

β-: 0.7MeV, γ: 418 (0.99%) keV

116

117g

18.95

0.92 (m+g)

β-: 1.5MeV, γ: 460 (7.7%), 487 (1.42%) keV

128

31.69

>0.20

130

33.80

0.03

β-: 2.1MeV, γ: 150 (27.9%), 452 (18.36%) keV

130

33.80

>0.20

EC, β+, β-: 2.1MeV, γ: 443 (12.62%), 527 (1.2%) keV
β-: 0.6, 0.8MeV, γ: 364(81.5%), 637(7.16%) keV
γ/IT: 127 (12.6%) keV
γ/IT: 108 (55.4%), 79 (1.33%) keV
EC (weak), γ/IT: 276 (17.8%) keV

125

100
33.80
100
0.1061)
0.1011)

6.15
0.23 (m+g)
2.5
1.0
0.4

6.0 h

β-: (weak), γ/IT: 141 (89.0%)keV

101

14.2 min

β-: 1.3 MeV, γ: 307 (88.7%), 545 (5.96%) keV

97

2.9 d
4.44 h

EC, γ: 216 (85.62%), 324 (10.79%) keV
β-: 1.2, 1.8 MeV, γ: 724 (47.3%), 469 (17.55%) keV

Tc

Ru
105
Ru
105

35.4 h

β-: 0.6 MeV, γ: 319 (19.1%), 306 (5.1%) keV

111mPd

Rh

5.5.h

β-: 2.2 MeV, γ: 580 (0.87%), 1459 (93.09%) keV

111

7.45 d

β-: 1.0MeV, γ: 342 (6.8%), 245 (1.33%) keV

49 min
53.4 h
3.31 h
2.42 h
99.49 min fed by
115.1 d 113gSn
4.49 h min fed
by 53.4 h 115gCd
54 min

γ/IT:245 (94.0%), 151 (29.14%) keV
β-: 1.1 MeV, γ: 336 (45.9%), 528 (27.5%) keV
β-: 0.7MeV, γ: 1997 (26.2%),1066 (23.06%) keV
β-: 2.2MeV, γ: 273 (27.9%), 1303 (18.36%) keV

1.95 h

β-: 1.8MeV, γ/IT: 315 (19.12%), γ: 159 (15.87%) keV

43.1 min

β-: 0.7, 1.1MeV, γ: 553 (100%), 159 (87%) keV

40.1 min

β-: 1.3MeV, γ: 160 (85.7%)keV
EC (weak), β+ (weak), β-: 1.4, 2.0 MeV, γ: 564
(70.67%), 693 (3.85%) keV

Ag

111m

Cd
115g
Cd
117m
Cd
117g
Cd
113m

In

115m

In

116m1

In

117m

In

117g

In

123m

Sn

122g

Sb

127g

Te

129g

Te

131m

Te

131g

Te

128

I
131
I
134m

Cs
Ba
133m
Ba
131m

2.70 d
9.35 h, fed by
109d 127mTe
69.6 min, partly
fed by33.6 d
129m
Te
30 h
25,0 min, partly
fed by 30h131mTe
25.0 min
8.02 d
2.90 h
14.5 min
28.9 h

γ/IT: 392 (64.94%) keV
β-: 0.8MeV, γ/IT: 336 (45.79%)keV
β-: 1.0MeV, γ: 1294 (84.8%), 1097 (58.5%) keV

β-: 0.5MeV, γ/IT: 182 (100%), 565 (99%), 833 (100%),
γ: 774 (36.82%), 852 () keV

Na(n,γ)24Na
Cl(n,γ)38Cl
41
Cl(n,γ)42K
46
Cl(n,γ)47Ca
55
Mn(n,γ)56Mn
64
Ni(n,γ) 65Ni
63
Cu(n,γ)64Cu
68
Zn(n,γ)69mZn
71
Ga(n,γ)72Ga
75
As(n,γ)76As
80
Se(n,γ) 81mSe
37

Br(n,γ) 89m+gBr

Te(n,γ)

Cd(n,γ)

Te

Cd

Te(n,γ) 129m+gTe
Te(n,γ) 131gTe
Te(n,γ) 131gTe

I(n,γ)128I
130
Te(n,γ) 131m+gTe
133
Cs(n,γ)134mCs
130
Ba(n,γ)131mBa
132
Ba(n,γ)133mBa

0,53 (m+g)
0.42
1.46
0.72
13.3
1.5
4.5
0.072
4.7
4.3
0.07
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135m

28.7 h

γ/IT: 268 (16.0%) keV

134

139

β-: 2.4MeV, γ: 166 (23.72%) keV
β-: 1.4, 2.2MeV, γ: 1596 (95.4%), 487 (45.51%) keV
EC (weak), γ/IT: 254 (11.12%) keV

138

Gd

83.06 min
40.27 h
34.4 h
9.0 h, also partly
fed by 34.4 h
137m
Ce
33.0 h
19.13 h,also
partly fed by
14.6 m142mPr
1.73 h
12.4 min
53.1 h
28.4 h
46.27 h
22.4 min
9.3 h, also fed by
96 min 152m2Eu
18.48 h

Tb

6.90 d

Ba

Ba
140
La
137m
Ce
137g

143

Ce

Ce

142g

Pr

149

Nd
Nd
149
Pm
151
Pm
153
Sm
155
Sm
151

152m1

Eu

159
161

165g

2.35 h, partly fed
by 1.3 min
165m
Dy
26.80
75 min
7.52 h
4.2 d
1.9 h
3.68 h
6.71 d, partly fed
by 160.1 d
177m
Lu
5.5 h
16 min
23.72 h
89.25 h
18.6 min
16.98 h, also fed
by 18.6 min
188m
Re
30.11 d
19.15 h
4.02 d
94.4 min
18.3 h, partly fed
by 94.4 min
197m
Pt
30.8
min, fed by 13.6
199m
s
Pt
2.69 d
3.14 d

Dy

166g

Hf
In
171
Er
175
Yb
177g
Yb
176m
Lu
163

177g

Lu

180m

Hf
Ta
187
W
186g
Re
188m
Re
182m

188g

Re

193

Os
Ir
195m
Pt
197m
Pt
194g

197g

Pt

199g

Pt

198g
199

Au
Au

197m

Hg

23.8 h

197g

Hg
199m
Hg

64.1 h
42.6 min

Ba(n,γ)135mBa

2.417

0.16

Ba(n,γ)139Ba
139
La(n,γ) 140La
136
Ce(n,γ)137mCe

71.70
99.91
0.191)

0.45
9.0
1.0

EC, β+, γ: 447 (1.68%) keV

136

Ce(n,γ)137m+gCe

0.19

7.7 (m+g)

EC (weak), β-: 2.2MeV, γ: 1576 (3.68%) keV

142

Ce(n,γ)143Ce

11.08

0.95

β-: 2.2 MeV, γ: 273 (27.9%), 1303 (18.36%) keV

141

Pr(n,γ)142gPr

100

11.5 (m+g)

β-: 1.4, 1.6MeV, γ: 2211 (25.9%), 114 (19.17%) keV
β-: 1.2, 2.3MeV, γ: 116 (38.97%), 256 (14.76%) keV
β-: 1.1MeV, γ: 286 (3.1%) keV
β-: 0.8, 1.2MeV, γ: 340 (22.5%), 168 (8.33%) keV
β-: 0.7, 0.8MeV, γ: 103 (29.25%) keV
β-: 1.5MeV, γ: 104 (74.6%), 246 (3.73%) keV
EC,β+, β-: 1.9MeV, γ: 841 (14.18%), 963 (11.67%)
keV
β-: 1.0MeV, γ: 364 (11.78%) keV
β-: 0.5, 0.6MeV, γ: 26 (23.15%), 49 (17.03%), 75
(10.2%) keV

148

Nd(n,γ)149Nd
Nd(n,γ)151Nd
148
Nd(n,γ)149Nd→β- decay
150
Nd(n,γ)151Nd→β- decay
152
Sm(n,γ)153Sm
154
Sm(n,γ)155Sm

5.76
5.64
5.76
5.64
26.7
22.7

2.5
1.0
2.5
1.0
206
7.2

151

47.8

3154

β-: 1.3MeV, γ: 95 (3.8%) keV

150

Eu(n,γ)152m1+m2Eu

158

159

Gd(n,γ)

Gd

24.84

2.3

160

Gd(n,γ)161Gd→β- decay

21.8

1.5

164

Dy(n,γ)165m+gDy

28.2

2700

β-: 1.9MeV, γ: 81 (6.56%) keV
EC, β+(511 keV)
β-: 1.1, 1.5MeV, γ: 308 (64.4%), 296 (28.9%) kev
β-: 0.5MeV, γ: 396 (13.15%), 283 (6.13%) keV
β-: 1.4MeV, γ: 150 (20.47%), 1080 (5.9%) keV
EC (weak), β-: 1.2, 1.3MeV, γ: 88 (8.9%) keV

165

Ho(n,γ)166gHo
Er(n,γ)163Er
170
Er(n,γ)171Er
174
Yb(n,γ)175Yb
176
Yb(n,γ)177gYb
175
Lu(n,γ)176mLu

100
0.141)
14.9
31.8
12.7
97.41

61
19
6
100
3
15

β-: 0.5MeV, γ: 208 (10.36%), 113 (6.17%) keV

176

2.59

1780

β- (weak), γ/IT: 332 (94.12%), 443 (81.88%) keV
γ/IT: 172 (48.0%), 147 (36.48%) keV
β-: 0.6, 1.3 MeV, γ: 686 (33.2%), 480 (26.59%) keV
EC, β-: 1.1 MeV, γ: 137 (9.47%) keV
γ/IT: 64 (21.63%), 106 (10.81%) keV

179

Hf(n,γ)
Hf
Ta(n,γ) 182mTa
186
W(n,γ)187W
185
Re(n,γ)186gRe
187
Re(n,γ)188mRe

13.63
99.99
28.6
37.40
62.60

0.42
0.012
36
114
2.6

β-: 2.1 MeV, γ: 155 (15.61%), 633 (1.37%) keV

187

62.60

74.6

β-: 1.1 MeV, γ: 139 (3.79%), 460 (3.88%) keV
β-: 2.2 MeV, γ: 328 (13.1%), 294 (2.52%) keV
γ/IT: 99 (11.7%), 130 (2.9%) keV
β-: 0.7 MeV, γ/IT: 346 (11.12%) keV

192

Os(n,γ)193Os
Ir(n,γ)194gYb
194
Pt(n,γ)195mPt
196
Pt(n,γ)197mPt

41.0
62.7
32.9
25.3

2.0
105
0.1
0.045

β-: 0.6, 0.7 MeV, γ: 77 (17.2%), 191 (3.66%) keV

196

25.3

0.595

β-: 1.7 MeV, γ: 543 (11.74%), 494 (4.47%) keV

198

7.2

4.03

β-: 1.0, 1.4 MeV, γ: 412 (95.62%) keV
β-: 0.3, 0.5 MeV, γ: 158 (40.0%), 208 (8.72%) keV
EC→197mAu (7.73 s, IT: 279 (70.9%) keV), γ/IT: 134
(33.48%) keV
EC, γ: 77 (18.7%), 191 (0.63%) keV
γ/IT: 158 (52.3%), 374 (13.75%) keV

197

100
7.2

98.7
4.03

0.151)

110

0.151)
9.97

>3000
0.017

162

Lu(n,γ)177gLu
180m

181

Re(n,γ)188m+gRe

193

Pt(n,γ)197m+gPt
Pt(n,γ)199m+gPt
198g

Au(n,γ) Au
Pt(n,γ)199m+gPt→β- decay

198
196

Hg(n,γ)197mHg

196

197m+g

Hg(n,γ)
Hg
198
Hg(n,γ)199mHg

Table 3: Possible neutron-induced gamma-emitting radiolabels (Half-life: 10 days
– 1 year)
Radionuclide

Half-life

Radiation type and main energies (intensities)

Nuclear reaction

46g

Sc

83.82 d

β-: 0.4MeV, γ: 889 (99.98%), 1121 (99.99%) keV

45

51

Cr

27.7 d

EC, γ: 320 (9.91%) keV

59

Fe

44.50 d

65

Zn

75

Se

Natural
content
of
target
nuclide (%)
100

27 (m+g)

50

4.345

16

β-: 0.5, 1.6MeV, γ: 1099 (56.5%), 1292 (43.2%) keV

58

0.28

1.3

244.3 d

EC, β+: 0.3MeV, γ: 1115 (50.04%) keV

64

Zn(n,γ)65Zn

48.6

0.77

119.64 d

EC, γ: 265 (58.9%), 136 (58.25%) keV

74

Se(n,γ) 75Se

0.891)

46

16

Sc(n,γ) 46m+gSc
Cr(n,γ) 51Cr
Fe(n,γ) 59Fe

Reaction cross
section (barn)

86g

18.7 d, fed by 1.02
min 86mRb

β-: 1.8MeV, γ: 1077 (8.64%) keV

85

72.165

0.51 (m+g)

85g

Sr

64.9 d, partly fed by
67.7 min 85mSr

EC, γ: 514 (95.71%) keV

84

0.561)

0.26 (m+g)

95

Zr

64.0 d

β-: 0.2, 0.7 MeV, γ: 757(54.38%), 724 (44.27%) keV

94

17.38

0.049

39.35 d

β-: 1.0, 3.2MeV, γ: 497 (91.0%), 610 (5.76%) keV

102

Ru(n,γ)103Ru

31.6

1.3

Ag

249.9 d

β-: 0.5MeV, γ: 658 (94.32%), 885 (72.72%) keV

109

Ag(n,γ)110mAg

48.161

4.4

Cd

44.8 d

β-: 1.6MeV, γ: 934 (2.0%), 1291 (0.89%) keV

114

Cd(n,γ)115mCd

28.73

0.04

114m

In

49.5 d

γ/IT: 192 (15.56%), γ: 558 (3.4%), 725 (3.4%)keV

113

In(n,γ)114mIn

4.3

8.5

113g

Sn

115.1 d, partly fed
by 21.4 min 113mSn

EC, γ: 255 (2.11%) keV, (→113mIn, 99.49 min, IT 392
(67.97%) keV)

112

0.971)

0.56 (m+g)

117m

Sn

13.6 d

γ/IT: 159 (86.4%) keV

116

14.53

0.0054

124g

Sb

60.3 d, partly fed by
20 min 124m2Sb and
1.6 min 124m1Sb
154 d

β-: 0.6, 2.3MeV, γ: 603(97.79%), 1691 (47.57%) keV

123

42.64

4.06 (m1+m2+g)

EC, β+,γ/IT: 212 (81.51%), γ: 1102 (2.54%) keV

120

0.0961)

0.25

16.8 d, partly fed by
154 d 121mTe

EC, γ: 573 (80,4%), 508 (17.69%) keV

120

0.0961)

2.25 (m+g)

Te

119.7 d

γ/IT: 159(84.04%) keV

122

2.603

1.1

Te

33.6 d

β-: 1.6MeV, γ: 696 (3.07%) keV

128

31.69

0.016

Ba

11.5 d, fed by 14.5
min 131mBa

EC, β+, γ: 496 (48.0%), 124 (29.76%) keV

130

Ba(n,γ)131m+gBa

0.1061)

6.5 (m+g)

Ce

137.6 d, fed by 56.5
s 139mCe

EC, γ: 166(79.9%)keV

138

Ce(n,γ)139m+gCe

0.251)

1.02

Ce

32.50 d

β-: 0.4, 0.6MeV, γ: 145 (48.29%) keV

140

Ce(n,γ)141Ce

88.48

0.58

147

Nd

10.98 d

β-: 0.8, 0.9 MeV, γ: 91 (28.08%), 531 (13.37%) keV

146

Nd(n,γ)147Nd

17.19

1.4

145

Sm

340 d

EC, γ: 61 (12.15%) keV

144

3.1

1.6

239.47 d

EC, γ: 97 (29.0%), 103 (21.11%) keV

152

Gd(n,γ)153Gd

0.201)

900

160

Tb

72.3 d

β-: 0.6, 1.7 MeV, γ: 879 (30.1%), 299 (26.13%) keV

159

Tb(n,γ)160Tb

100

23.1

159

Dy

144.4 d

EC, γ: 58 (2.2%) keV

158

0.101)

43

170

Tm

128.6 d

β-: 1.0 MeV, γ: 84 (2.48%) keV

169

100

105

32.0 d

EC, γ: 63 (43.62%), 198 (35.93%), 177 (22.28%)keV

168

0.131)

2400

Lu

160.1 d

β-: 0.2 MeV, γ/IT: 208 (57.42%), 228 (37.11%) keV

176

Lu(n,γ)177mLu

2.59

3

175

Hf

70.0 d

EC, γ/IT: 343 (84.0%) keV

174

Hf(n,γ) 175Hf

0.1621)

620

181

Hf

42.39 d

β-: 0.4 MeV, γ: 482 (80.5%), 133 (43.31%) keV

180

Hf(n,γ) 181Hf

35.10

13

182g

Ta

114.43 d, fed by 16
min 182mTa

β-: 0.5, 1.7 MeV, γ: 68 (42.92%), 1121 (35.24%), 1221
(27.23%)keV

181

Ta(n,γ) 182Ta

99.99

20.012

185

Os

94 d

EC, γ: 646 (78.0%), 875 (6.29%) keV

184

0.021)

3000

191

Os

15.4 d

β-: 0.1 MeV, → 191mIr (4.94 s, IT 129 keV (26.5% ))

190
Os(n,γ)191m+gOs→βdecay (generator)

26.4

13 (m+g)

73.83 d, partly fed
by 1.4 min 192m1Ir

β-: 0.7 MeV, γ: 317 (82.71%), 468 (47.81%) keV

191

37.3

930

194m

171 d

β-, γ: 483 (97.0%), 328 (93.0%) keV

193

Os(n,γ)194mIr

62.7

6

203

46.59 d

β-: 0.2 MeV, γ: 279 (81.56%) keV

202

Hg(n,γ)203Hg

29.86

5

103

Rb

Ru

110m

115m

121m

Te

121g

Te

123mm

129m

131

139g

141

153

Gd

169

Yb

177m

192

Ir
Ir

Hg

Rb(n,γ)86m+gRb
Sr(n,γ)85m+gSr
Zr(n,γ)95Zr

Sn(n,γ)113m+gSn
Sn(n,γ)117mSn
Sb(n,γ)124m1+m2+gSb
Te(n,γ) 121mTe
Te(n,γ) 121m+gTe
Te(n,γ) 123mTe
Tc(n,γ) 129mTc

Sm(n,γ)145Sm

Dy(n,γ)159Dy
Tm(n,γ)170Tm
Yb(n,γ)169Yb

Os(n,γ)185Os

Ir(n,γ)192m1+gIr
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Table 4: Possible neutron-induced gamma-emitting radiolabels (Half life: more
than 1 year)
Radionuclide

Half-life

Radiation type and main energies (intensities)

Nuclear reaction

Natural
content
of
target
nuclide (%)
100

Reaction cross
section (barn)

37.2 (m+g)

60g

Co

5.27 y

β-: 0.3, 1.5MeV, γ: 1332 (99.98%), 1174 (99.85%) keV

59

109

Cd

462.6 d

EC, →109mAg(T1/2= 44.3 s, IT 88 (3.7%)keV)

108

Cd(n,γ)109Cd

0.89

1.0

2.06 y, fed by 2.90 h
Cs

β-: 0.7MeV, γ: 605 (97.62%), 796 (85.46%) keV

133

Cs(n,γ)134m+gCs

100

29 (m+g)

10.5 y, fed by 38.9 h
133m
Ba

EC, γ: 356 (62.05%), 81 (34.06%) keV

132

Ba(n,γ)133m+gBa

0.1011)

5 (m+g)

152g

13.33 y

EC, β+, β-: 0.7, 1.5MeV, γ: 122 (28.67%), 344 (26.56%)
keV

151

EU(n,γ)109Cd

47.8

6000

154g

8.8 y, fed by 40.0
min154mEu

β-: 0.6, 1.8 MeV, γ: 123 (40.41%), 1274 (34.83%) keV

153

52.2

370 (m+g)

171

1.92 y

β-: 1.0MeV, γ: 84 (2.48%) keV

170

14.9

6

134g

Cs

134m
133

Ba
Eu
Eu

Tm

1)

Isotopically enriched target
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Co(n,γ)60m+gCo

Eu(n,γ)154m+gCd

Er(n,γ)171Er→βdecay

5.

RADIOLOGICAL SAFETY. GENERAL SAFETY

Environmental risks of nanoparticles are a widely studied and presented in a lot of
research programs. Apart from the hazards posed by ionizing radiation from
radioisotopes, more special attention should be paid when nanoparticles are handled
because of its unique nature. The very large surface area of ultra-small particles can
result in the direct generation of harmful oxyradicals: these can cause cell injury by
attacking DNA, proteins and membranes [28].

6.

RECOMMENDATIONS

In order to develop and apply nanotracers in industry we propose a coordinated research
programme, which focuses on following points:
1. The use of the nanoparticles for industrial problem solving requires extensive knowledge
about synthesis, labeling and validation as radiotracer of different kind of nanoparticles. We
therefore recommend the initiation of a broad-scope technical meeting with wide
participation, to obtain a comprehensive understanding of this approach.
2. Detail studies in the area of nanoparticle synthesis, derivatization and dispersion in
different phase needs to carried out by different groups in the member countries.
3. Best synthesis method for different types of nanoparticles with respect to simplicity,
radiation safety and applicability needs to be identified.
4. Phase stability of nanoparticles in different simulated industrial environment needs to be
verified.
5. Size effect and effect of different surface structure of nanoparticles on its hydrodynamic
behaviour requires to be studied.
6. Validation of these nanoparticles as radiotracer need to be carried out in laboratory set up
first.
7. Advantages of using nanoparticles as radiotracer over conventional radiotracer needs to be
documented.
8. Study should be initiated for application of nanotracer in real industry.
9. Additional work to evaluate toxicity of nanoparticles should be documented.
10. To achieve all these recommendations IAEA should consider initiating a Co-ordinated
Research Program.
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ANNEX I.
COUNTRY REPORTS
I-1. FRANCE
France has been highly involved in the development of nanomaterials and nano-hybrid
materials. In attempts to search new tracers, new coding compounds and new tolls for
environment, industry or medicine, several different nanoparticles in the sub-100 nm size
have been presented. The important key-points are, in all the cases, the high colloidal
stability, important information also about the structure and the comportment of the
nanoparticles and last, but not least, a reproducible and scalable synthesis. We’ve been
involved in four different technologies, in each case, radiolabeling have been performed and
proof of concept of nano-radiotracer has been obtained. Important know-how has been built
around the nanoparticle synthesis, purification, storage and characterization.
1 - Bio- nanohybrides – theranostics and nanomedicine
Ultra-small nanohybrids object, with a size inferior to 5 nm, have been used for
nanomedicine researches. It consists in multimodal platform for imagery, but also therapy
(radiosensitizing or Brachytherpy for example).
Gold based nanohybrid, protected with DTDTPA layers. Alric, C. et al., O.
Gadolinium Chelate Coated Gold Nanoparticles as Contrast Agents for Both X-Ray
Computed Tomography and Magnetic Resonance Imaging. J. Am. Chem. Soc. 2008, 130,
5908–5915.
Gadolinium based polysiloxane nanoparticles. Bridot, J.-L.etal.,Hybrid
Gadolinium Oxide Nano particles: Multimodal Contrast Agents for in Vivo Imaging. J. Am.
Chem. Soc.2007, 129, 5076–5084. Lux, F. et al.,
Ultra small Rigid Particles as Multimodal Probes for Medical Applications. Angew. Chem.
Int. Ed. 2011, 50, 12299–12303.
These two nano-vehicles have been successfully radiolabeled with technetium and also with
In3+, Sc3+, Lu3+, Cu2+, Bi3+, Ga3+, Y3+ active ions [1].
In the case of very thin nanoparticles, very important in nanomedicine development and
tumor targeting, ultrasmall multimodal nano-radiotracers have been proposed (in particular
for theranostic applications).
Examples of the AGuIXnano-platform are presented. It is an ultrasmall sub-5 nm
polysiloxane based particles with M-chelated grafted elements. Based on gadolinium, it can
be extended to a variety of other metallic ions (lanthanide in particular) and radioelement
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AGuIX platform for multimodal radiotracing applications in nanomedicine - (source ILM –
NH Therapeutics – Lyon1 University)

2 - GDS nanoparticles (Gold – Dye – Silica)
New family of gold-core shell nanotracers [1] have also been proposed by the team.
First, prepared for fluorescent application and Time resolved Fluorescence tracers. Three
very different examples of applications of these particles concern biodistribution in testicles
after intra-muscular injection, water flow in unsaturated soils, and smart tracer for oils [2].
These hybrid nanoparticles represent a very interesting platform for environmental
tracing and for a lot of fundamental researches on the impact of nanoparticles.
Martini, M. et al.,Robust Universal Biotracers Based on Hybrid GDS (Gold “Dye”
Silica) Nanosondes. Bulletin Du Cancer 2011, 98, S62–S62.

3 - Ultrasmall sub-5nm Lanthanide oxides.
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Pure or mixed lanthanide nano-oxide is an old speciality of the laboratory. First
published in 2003, the simple and efficient Diethyleneglycol direct colloidal synthesis is used
for Ln2O3nano-oxide preparation (Bazzi, R. et al.,Synthesis and Luminescent Properties of
Sub-5-Nm Lanthanide OxidesNanoparticles. Journal of Luminescence 2003, 102, 445–450).
Colloidal lanthanide oxides at a sub-5 nm size, directly dispersed in a high alcoholic
solution (DEG) are interesting nanoparticles bases for nanoradiotracers.
DEG solvent can be kept during activation (Boiling point higher than 200°C), then no
problem to activate directly the colloidal tracer.
This colloidal solution can be used directly as a nano-radiotracer solutions, or can be
further functionalized and included in a nano-vehicle (such as polysiloxane for example).

High resolution electron micrographs of EuColloïdal Ln2O3 – 10 g/l nanoparticles in doped Y2O3 and Gd2O3nanocrystals – Size
repartitions
DEG
Sub-5 nm lanthanide oxide high stability colloidal tracers (in Di-ethyleneglycol) - (source
ILM - Nano-H)
It can be directly activated and used in high temperature environment (more than 500°C
without any problem).
It can be used for dispersing in polysiloxane matrix or other nano-vehicles.
In aqueous high diluting used, the hydrolysis (dissolution and hydroxide formation)
may prevent their simple utilization. Anyway, core-shell compounds can be developed easily
in this case, based on a simple chemistry in DEG colloidal solution.Depending on the size and
the composition, various nanoparticles can be obtained and be further functionalized with
polysiloxane core-shells for example (or transfer in organic solvent such as Cyclohexane)
(Louis, C. et al., Luminescence Enhancement by Energy Transfer in Core-Shell
Structures.ChemicalPhysicsLetters2006, 429, 157–160).

4 – Sub micrometric colloidal solution of protected lanthanide oxides.
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Nano-oxides of lanthanide have been further functionalized with a polysiloxane layer
approach. We have obtained high density colloidal solution, containing several hundred of
grammes of lanthanide oxide. The objective of such colloidal solution is to be activated in a
cyclotron and to be used directly injected as a brachytherapy treatment (Taleb, J. et al., New
Modality of Curie therapy with Holmium Oxyde Submicronic Particles. European Journal of
Nuclear Medicine and Molecular Imaging2009, 36, S431–S431 , Taleb, J. et al., Holmium166 Oxide Sub-Micronic Nanoparticles as a Brachytherapy Agent in a Peritoneal Carcinosis.
European Journal of Nuclear Medicine and Molecular Imaging 2012, 39, S328–S328.
Such solution, with different lanthanides, can be synthesized and used in tracer
applications.
Different nanoparticles have been studied for smart tracing applications.
Mainly developed around fluorescence technology, the nano-radiotracers appear to be
here a more efficient tools in complex studies.
For example, concerning nanotracer development:
- Smart tracers for oil industry
FR 1155515 and FR 1155513 - 2011– Total –Brichart T. et al., Smart tracers – Fluides
traceurs à effet mémoire pour l’étude d’un gisement pétrolier.
Agenet N. et al., Fluorescent Nanobeads: a first step toward intelligent water tracers,
SPE-157019-MS, 2012
- Tracer for water and soils
Prédélus D. et al., Tracing water flow and colloidal particles transfer in an Unsaturated
soil, Journal of Water Resource and Protection, 2014, 6, 696-709.
Biological tracers for fundamental research on the impact of nanoparticles in human
body, and for example male reproduction case.
Leclerc L. et al., Testicular biodistribution of silica-gold nanoparticles after
intramuscular injection in mice.Biomedical Microdevices, Vol. 17, p. 66 (2015).
Impact of nanoparticles in the brain (case of nano-aluminium hydroxide).
Khan, Z.; Combadiere, C.; Authier, F.-J.; Itier, V.; Lux, F.; Exley, C.; Mahrouf-Yorgov,
M.; Decrouy, X.; Moretto, P.; Tillement, O.; Gherardi, R. K.; Cadusseau, J. Slow CCL2Dependent Translocation of BiopersistentParticlesFrom Muscle to Brain. BmcMedicine,
2013, 11.
References
1. Maurin, M., Garnuszek, P., Mikolajczak, R., Truillet, C., Lux, F., Clabaut, A.,
Tillement, O., Preliminary results of Y-90 and Lu-177 radiolabelling of ultra small
rigid particles as multimodal probes. Journal of Labelled Compounds
&Radiopharmaceuticals, 2013, 56, S237–S237.
2. Alric, C., Miladi, I., Kryza, D., Taleb, J., Lux, F., Bazzi, R., Billotey, C., Janier, M.,
Perriat, P., Roux, S., Tillement, O., The Biodistribution of Gold
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theragnostic agent. Bioconjug. Chem., 2011, 22, 1145–1152.
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I-2. KOREA
In an attempt to search a tracer material that is applicable to industrial investigation,
several different types of nanoparticles have been prepared and the results were presented.
The research was carried out in cooperation with a local university. There is
physical/chemical condition that hinders the use of radioisotope labelled compounds as
tracers.
A typical one can be met in process plants operating in high temperature that break
down radioisotope labeled tracers. After decomposed in high temperature system,
radioisotopes no longer represent the movement of the flow under investigation. Since
nanoparticles of silica base material is not influenced under heat, core-shell type Au@SiO2
radioactive nanoparticles have been studied since 2008.
Gold nanoparticles were produced by reducing gold ions with hydrated electrons
emerged from gamma irradiation to water and then the particles were coated with silica and
calcinated.
The same method was applied to prepare bimetallic core-shell type nanoparticles with
the expectation that two different radionuclides emitting distinctive characteristic gamma
photons can be used for quantitative analysis of phase distribution in multi-phase systems. In
order to improve the production yield of the nanoparticles, coordination polymerization of Au
with imidazole derivative ligands were studied to form ligand-metal framework with nano
scale. However, it was found that the framework structure is not strong enough to be used
over 200 degree Celsius.
A simple alternative method was examined that produces metal oxide nanoparticles
with Mn, Sm and Dy. However, the sizes and shapes didn’t show the consistency with the
reaction conditions.
Eventually, they have come up with a new concept of nanoparticle preparation method
and the product was coined as hybrid nanoparticles since the preparation starts with metal
ligand complex as a precursor and then it is covered with silica for its chemical and physical
stability in vigorous environment. It doesn’t have a core-shell structure any longer either.
With the atomic ratio obtained from the EDS analysis, the possible precursor molecules
structure of Mn-(3-aminopropyltriethoxysilane) as well as Sm and Dy complex compounds
were speculated. Morphological changes of them were tested in months after neutron
irradiation in order to see the influence of gamma radiation to the physical integrity of them.
Slight agglomeration observed in some samples was likely to be caused by moisture in the air
rather than by radiation.
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I-3. INDIA
Bhabha Atomic Research Centre (BARC), Mumbai, India, has over the last three
decades, made pioneering contribution towards the development and applications of
radiotracer technique for problem solving in chemical and petrochemical industries in India.
Different applications of radiotracer for industrial use are leak detection in heat
exchangers in petroleum refineries, efficient management of dredging operations at port,
residence time distribution measurements, mixing / blending time measurements, flow rate
measurements, wear/ corrosion rate measurements, radioactive particle tracking technique,
synthesis, characterization and validation of the nanotracers.
A number of field scale radiotracer investigations in the following areas have been
carried out and has helped industries in improving the quality of product, increase in
production capacity and, most important, huge amount in savings. Some of the applications of
radiotracer in industry are discussed in this report.
1. Leak detection in heat exchangers in petroleum refineries
The inherent sensitivity of radiotracer technique makes them extremely valuable in
leakage detection heat exchangers of oil refinery. Measurements are carried out with the unit
on-line and without interference to the process. Any undesirable interconnection between
isolated parts of any system or between two systems is a leak. A leak is suspected if there is
any abnormal behavior of a system such as loss of pressure, contamination of product or loss
of process efficiency.
Detection of leak, if any, is unambiguously achieved by injecting the radioactive tracer
into the part suspected to be leaking and monitoring for the tracer in the contaminated part.
Care should be taken to inject adequate quantity of tracer so that a lowest suspected leak rate
will result in tracer detection. Otherwise, the interpretation of non-detection of the tracer
would no more be unambiguous. More than 60 leakage detection tests have been successfully
carried out in different systems.
2. Efficient management of dredging operations at port
For management of sufficient water depth at ports for ship movements, dredging
operations are carried out throughout the year. Understanding of the movement of sediment
on sea bed is essential to harbor development programme. These operations are very costly.
Radiotracer techniques are in use to evaluate parameters such as direction of movement,
velocity and quantity of bed load transport. Radiotracers help in a big way in selection of
suitable dumping site of dredged material, as dumped material should not come back into the
navigation channel. BARC has carried out experiments at all the major ports in India. Most of
the radiotracer investigations are aimed at examining the suitability of existing dumping
ground for dredged silt and selection of suitable dumping ground for new projects.
3. Residence time distribution study
Residence Time Distribution (RTD) is an important characteristic of continuous flow
systems and provides vital information such as mean residence time (MRT) of process fluid,
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degree of axial mixing and flow behavior. The concept of RTD can be applied to various
industrial processes to indirectly obtain hydrodynamic data for subsequent improvement in
design and optimization of the processes.
Several RTD studies have been carried out by BARC in various industries, such as,
gasifier, pulp and paper industry, glass industry and petroleum refining industry. Recently a
RTD investigation was carried out in a glass manufacturing unit to estimate mean residence
time and to understand the flow patterns. The results showed that there are 28.2 % dead
volumes within the furnace; bypassing and poor mixing of molten glass was observed within
the furnace and forehearth of the glass production unit.
4. Flow rate measurements
Measurement of discharge rates of fluids and solids is an essential requirement in
industrial and environmental systems. Radiotracer techniques are widely used for
measurement of fluids/solids in situations where conventional techniques cannot be applied.
Recently BARC has carried discharge rate measurement of water in a canal out
application of radiotracer dilution technique. The objective was to validate efficiency of the
concrete volute pump used for pumping water in the canal. I-131 radioisotope having activity
of 55 GBq was used as radiotracer. The discharge rate of water was measured to be 20.6 m3/s
with one CV pump being operated to discharge the water in the canal. However, the designed
capacity of the used CV pump was rated to be 20 m3/s. The discharge rate measured by the
radiotracer technique was found to be in good agreement with the theoretical discharge rate of
the CV pump.
4. Wear/Corrosion monitoring
The study of wear is known as tribology and a tribo-meter/ tribo-tester is an instrument
used to study wear by simulating real life wear process. Wear rate measurement is essential
for designing new wear resistant materials and in order to extend the life of the parts and
reduce the frequency of part replacement.
Thin layer activation (TLA) is a nuclear technique, which offers a sensitive and hence
rapid method to quantify wear rate of automobile parts. Materials made up of EN-31 alloy
steel are most extensively used in automotive industry. In this work, the wear behavior of disc
gear made up of EN31 steel has been studied on a twin-disc tribo-tester under lubricated
condition by TLA technique.
Corrosion is the degeneration of material by reaction with the environment. It is an
electrochemical oxidation process resulting in the formation of metallic compounds such as
oxides, hydroxides, carbonates, sulphides etc. Corrosion control is a major concern in
pipelines in oil and gas industry. Conventional method used for corrosion rate measurement,
like coupon weight loss method has low accuracy, sensitivity and time consuming. The Thin
Layer Activation (TLA) technique is highly sensitive technique, which can be applied for
corrosion rate measurements in various materials. Thin layer activation technique was
successfully applied to measure the corrosion rate in stainless steel 316L. It has been found
that the corrosion rate is highly influenced with chloride ion concentration and increase in
temperature accelerates the corrosion rate.
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5. Radioactive microparticle preparation for Radioactive particle tracking (RPT) study
Preparation of a suitable radioactive particle is a key requirement of RPT studies. The
radioactive particle should have similar physical properties (size, shape, density and
buoyancy) that of the phase whose motion is being followed. Scandium-46 [gamma energy:
0.899 MeV (100 %), 1.12 MeV (100 %), T1/2: 84 d] radioisotope is most suitable gamma
emitting radioisotope used in RPT experiments. It is not feasible to get the glass particles
having specific composition of scandium oxide (Sc2O3) in small quantities from glass bead
manufacturer. Hence, in our laboratory different types of scandium oxide
microparticleshaving size 500-2000 micrometer have been synthesizedby different synthesis
route.
6. Synthesis of metal nanoparticles and their validation as radiotracer
Metal nanoparticles due to their unique properties are useful in variety of applications,
such as sensors, catalysis, medical diagnosis etc. In our lab different shape and size metal
nanoparticles of silver and gold have been prepared by gamma irradiation route as well as
chemical reduction route. A variety of capping agents used for stabilization of these
nanoparticles are polyvinyl pyrrolidone (PVP), poly methacrylic acid (PMA), tri sodium
citrate and fumed silica. The metal nanoparticles were used for sensing environmentally and
biologically important molecules and they were used as catalyst for catalytic reduction of
nitrous oxide to nitrogen gas.
Recent research activities in our laboratory involves development and applications of
nanotracers. In this context we found nanoparticles of Au-198 can be a potential radiotracer,
due to suitable half-life, gamma energy and inert nature. Presently the use of nanoparticles
containing radioisotope as tracer for industrial applications is an emerging area of research.
Some research groups have reported the synthesis of different radioactive nanoparticles, but
the application as radiotracer has not been established yet. In our lab recently we have
synthesized radioactive Au-198 nanoparticles by well-known Turvich method. The
nanoparticles were characterized by UV-visible spectroscopy, dynamic light scattering (DLS)
and transmission electron microscopy (TEM). The usefulness of as prepared Au-198
nanoparticles as radiotracer were studied by employing these nanoparticle aqueous solution to
study residence time distribution of liquid phase (water) in a laboratory scale bubble column.
The RTD data were compared with that obtained by using Br-82 as ammonium bromide at
similar operating condition. The particles were found to be spherical and their mean diameter
was found to be 25 nm. The result obtained by comparing RTD data of both the tracers
indicated that, 198Au-NPs can be used for tracing aqueous phase in industrial systems at
ambient temperature and pressure.
Conclusion
From the foregoing it is evident that radiotracer techniques are well established and
widely used for detection of blockages and leaks in different systems, residence lime
distribution investigations, mixing studies, corrosion measurement, efficient management of
oil wells, and management of ports. In most of the situations they do not have any equivalent
and competing alternatives. High economic benefits are achieved from the application of the
radiotracer techniques to leak detection and location.
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I-4. NORWAY
Aspects of nanoparticle-based tracers for industrial monitoring
1. Introduction
Nanoparticles (NPs) come in different shadings. Some NP types may be applicable to trace
mass flow. The mass flow may be aqueous or organic liquids and solids. The flow may take
place in confined pipelines or vessels or in open conduit in the geosphere (rivers, lakes,
ocean) or in subsurface geological structures like ground water flow or fluid flow in oil
reservoirs or in geothermal systems.
The NP types include simple metals, metal oxides, quantum dots like
ZnS or CdSe, core/shell and core/shell/shell structures as in Fig 1,
carbon dots, dendrimers, nanogels, functionalized “smart” NPs with
metallic or metal oxide core surrounded by silica or even more complex
“hybride” NPs with special functionality (hydrophilicity,
hydrophobicity or surfactant-like). Nanoparticle of special interest in
the author’s laboratory for the time being are those based on a
superparmagnetic core.
FIG.
dots

1.

Quantum

FIG. 2. Iron oxide
core surrounded by a
silica shell onto which
various functionalizetionhahave
been
grafted.

We will, in this text, mainly concentrate on nanoparticles with a
superparamagnetic core. Superparamagnetic materials consist of
individual domains of elements that have ferromagnetic properties in
bulk. Their magnetic susceptibility is between that of ferromagnetic
and paramagnetic materials. In the absence of an external magnetic
field, the magnetic vectors of the individual ferromagnetic domains
will be randomly distributed resulting in no net magnetic field of the
particle. The most well-known structure is the Fe3O4, but many other
superparamagnetic materials exist. Though, Fe3O4 is of special interest
because of cheap prices and ready availability as nanoparticles in
various size fractions from many commercial suppliers.

2. Labelling concepts
2.1. Possibility for radiolabelling of the metal-based core
The metal iron-based core may be radiolabelled directly by irradiation of the particles with
thermal neutrons using the reaction 58Fe(n,γ)59Fe (T1/2 = 44.5 d, Eγ = 1099 keV).
Alternatively, can the superparamagnetic core also be labelled with an alien metal
radionuclide?
Nano-sized particles of for instance ZnO or WO2 are commercial. These can be irradiated by
thermal neutrons to produce the radionuclides 65Zn (T1/2 = 244.3 d, Eγ = 1115 keV) and 187W
(T1/2 = 23.72h, Eγ = 686 keV), respectively. Other nano-sized metallic oxides particles may be
available as well. When mixing Fe3O4 particles with65ZnO, respectively 187 WO2, particles and
rely on particle association before the core is closed into a shell of silica, will this form
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composite core particles with the superparamagnetism intact? If so, what is the particle size
distribution? Mind all the question marks in this paragraph!
Procedures have been published on synthesis of mixed composite particles of Fe3O4andAg
[Zhang et al., 2008; Mao et al., 2013; Yu et al., 2014]and Fe3O4with a shell of Ag [Du et al.,
2011; Yuen et al., 2013]. In these procedures, it is possible to mix in pre-prepared
radionuclide 110mAg ((T1/2 = 249.9 d, Eγ = 658 keV). The particles show superparamagnetic
properties at room temperature. One such synthesis procedure for mixed crystals is sketched
in Fig.3 below.

FIG. 3. Procedure for making mixed nanoparticles of Fe3O4 and Ag.

Radiolabelling of Fe3O4 particles may also be done by chelation of the various preformed
radionuclei. These chelate formers may be attached covalently to the iron oxide particle. An
example of such a compound is Ferriccarboxymaltose. It is an iron carbohydrate complex
with the chemical name of polynuclear iron (III) hydroxide 4(R)-(poly-(1→4)-O-α-Dglucopyranosyl)-oxy-2(R),3(S),5(R),6-tetrahydroxy-hexanoate. It has a relative molecular
weight of approximate-ly 150,000 Da, corresponding to the following empirical formula:
[FeOx(OH)y(H2O)z]n [{(C6H10O5)m (C6H12O7)}l]k
Where, n ≈ 103, m ≈ 8, l ≈ 11, and k ≈ 4
There are several similar chelate formers which may be attached to an iron oxide core [Jahn et
al., 2011]. Examples are given in Table 1.
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TABLE 1. VARIOUS FORMS OF IRON OXIDE PARTICLES WITH CHELATING
FUNCTIONALIZATION

The chemical structure of ferric carbo0xymaltose is given in Fig. 5. One sees that there are
many available O and OH groups which may form chelates,m especially with metal ions of
charges +2 - +4.

The size of these particles are generally below 30 nm. A sketch of their size distributions is
given in Fig.5.
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The particles may be labelled with a number of metal ions through chelation (see the tables in
the main text of this report). Some of the possible radionuclides are the following:
7

Be (T½=53.3d), 46Sc(T½=83.8d),54Mn(T½=312.2d), 59Fe(T½=44.5d), 58Co(T½=70.5.2d),
Co(T½=5.27år), 65Zn(T½=244.3d), 75Se(T½=119.6d), 85Sr(T½=64.9d), 88Y(T½=106.6d),
95
Zr(T½=64.0d), 114mIn(T½=49.5d), 125Sb(T½=2.77år), 131Ba(T½=11.5d), 139Ce(T½=137.6d),
152
Eu(T½=13.3år), 160Tb(T½=72.3d), 168Tm(T½=93.1d), 169Yb(T½=32.0d), 174Lu(T½=3.31år),
181
Hf(T½=42.4d), 192Ir(T½=73.8d), 198Au(T½=2.69d), 203Hg(T½=46.6d), 207Bi (T½=31.55år),
+++
60

Some of these may be produced by reactor neutron irradiation (thermal + epithermal
neutrons), but some are only produced in charged particle reactions from particle accelerators
(lineacs or cyclotrons).
2.2. Hydrophobic or hydrophilic surface
The surface of the NPs may be
modified to be hydrophobic or
hydrophilic. For tracing purposes of
water flow, the surface should be
hydrophilic. The particles will then
distribute themselves as a “true”
suspension only in the aqueous phase.
Likewise, for tracing of the flow of oil
or other organic media, the particle
surface
should
be
lipophilic
(hydrophobic). Such particles will
disperse only in the organic phase.
There are some tracing tasks where
the surface should show a water/oil
partitioning behaviour (have stable
suspension in both phases) and even a
Fig.4. Schematic illustration of the procedure for transferring
a lipophilic NP surface into a hydrophilic surface by ligand
exchange reaction: 24 h stirring of mixture of NPs and HOPEG 36
nitrodopamineat ambient condition [Lak et al.,
2013].http://www.rxlist.com/injectafer-

surfactant-like behaviour (upconcentrating on the surfaces etween aqueous and oleic media in
multiphase flow). Fig. 5 shows an example of the surface functionalization of a lipophilic
particle and how this particle may change surface properties to become fully
hydrophilic.Uniformly sized and shaped iron oxide NPs with a mean size of 25 nm were
synthesized via decomposition of iron-oleate (OA) giving particles with lipophilic surfaces.
The hydrophobic particles were successfully transferred into water via PEGylation using
nitrodopamine as an anchoring group.
3. Applications
The main uses of this kind of particles with the functionalities described here are intended to
be in the subsurface monitoring of fluid flow in porous media, i.e. in the petroleum industry,
in geothermal energy production and in detection of soil contaminations (NAPLS and
DNAPLS).
This kind of particle tracers may also be considered used in process technology for the
condensed phases in studies of separators and scrubbers in the hydrocarbon purification and
processing industry.
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