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ABSTRACT

Nanoparticles (NP’s) can act as tracers for the study of several transport phenomena in industrial practice and 
environmental processes provided their physical and chemical properties meet specific requirements dictated by 
the application. Silica-coated gold nanoparticles in the size interval from 20 to 200 nm can be produced by 
gamma-ray irradiation. Submitted to neutron bombardment in a nuclear reactor, they will convert gold nuclides 
into 198Au (Ey = 412 keV). These NP’s can used as a tracer in oil fields, in petrochemical and refinery industrial 
processes in which conventional organic radioactive labeled compounds would not withstand, as well as in some 
hydrology and hydrogeology studies.

1. INTRODUCTION

CDTN has been applying nuclear techniques and radioactive tracers to oil production and 
hydrogeology studies. Radiotracers are a quite important technique and are widely employed 
in many scientific and engineering areas, particularly in industrial and environmental 
research. [1, 2].

On the other hand, recent developments in nanotechnology have provided many opportunities 
for the solution of multidisciplinary questions. Nanotechnology makes use of nanoparticles 
built from specific materials that can be covered by coatings which amend the characteristics 
of their outer surfaces. These extremely small particles can trace the flow pattern of a fluid 
moving in complex environments, such as porous media. Among several challenges and
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problems, methods devised to control the homogeneity and thickness of the coating are of 
great import for obtaining an efficient nanotracer.

A tracer must be prepared in such a way that its physical and chemical forms have the same 
transport characteristics exhibited by the material that should be traced. Given that these 
characteristics have been assured, nanotracers display the same advantages offered by 
dissolved radionuclides, such as being capable of detection at tremendously low 
concentrations thanks to the sensitivity of radiation measurement equipment. It follows that 
quite slight masses can be used and flow disturbance is negligible. Moreover, in many cases 
an in situ measurement, from outside the system, becomes feasible. This means little or no 
interference in the process under observation. On the other hand, from the logistic and 
radioprotection standpoints it is always desirable to avoid radioactive handling in the field 
whenever possible. Stable tracers such as chemicals, physical properties, fluorescent dyes or 
stable nuclides avoid radioactivity, even at the cost of additional sampling, laboratory 
preparation and analyses, but they are much less sensitive.

A third option is afforded by activable tracers, i.e. chemical compound, complexes or any 
other material form which bears in its composition one or more nuclides having a high 
neutron (or charged particle) cross section. Such tracers can be injected in their inert form 
into the system under study. Thereafter samples are collected, activated under neutron or 
charged particle bombardment, and the produced radionuclides are measures at the 
appropriate energy channels. This means: activation analysis, an intrinsically nuclear 
methodology.

Gold nanoparticles (NP’s) have been chosen as targets for alternative radiotracers [3]. They 
had to be coated by a silica-gel external layer via the so-gel method [4], The characteristics of 
this kind of tracers needs to be evaluated, mainly those that interfere on the tracer 
performance during the desired application, i.e. physical-chemical (in special hydrophilicity 
vs, hydrophobicity, adsorbability), hydrodynamic (shape and density), and dimensions 
(particle size distribution).

Gold is an efficient neutron absorber; it displays a high thermal neutron cross section and 
affords a higher activity in less mass than other nuclides despite its high atomic weight, an 
important characteristic for tracing aqueous fluids. Its high absorbability on solid surfaces 
requires that it become tightly coated by a silica layer.

Thus the main objective of the proposed work is the define the performance of gold NPs as a 
tracer for the measurement of fluid transport in porous media, such as met in industrial and 
environmental systems. This is to be achieved through: a) using nano-rods produced at 
UFMG Physics Department; b) covering them with a silica-gel coating containing gold; c) 
characterizing of the nano-particles size distribution; d) characterization of the particle 
hydrodynamic behavior and lack of adsorption in a porous medium by means of a core test 
(described below) in a laboratory set-up.

2. LITERATURE REVIEW

According to Jung et al. (2012), nanospheres of a silver-gold alloy coated with silica prepared 
by the Sober method and irradiated in a nuclear reactor to become radiotracers for high
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temperature refinery and petrochemical processes may substitute conventional organic 
markers which frequently undergo decomposition.

Several labelled organic compounds have been used in order to trace the movement of both 
particles and the organic fluid phase in the secondary recovery processes at oil reservoirs, as 
well as in oil refinery and petrochemical processes. For studies in petroleum refining and 
petrochemistry the commonly used radiotracers were the organic compounds: bromobenzene, 
p-dibromobenzene, and p-dibromobiphenyl labelled with Br (t1/2= 35.34h, Ey = 0.554 - 
1.475 MeV). However, the use of these organo-compounds is severely limited due to their 
boiling points (156°C, 219°C, and 355°C, respectively) in systems whose temperatures 
frequently exceed these figures. Not to mention that high pressures are also a disruptive 
parameter in such processes. The same is often the case in petroleum recovery from oil 
reservoirs, in which tritiated water is universally used for tracing the aqueous phase, but with 
a strict paucity of alternatives in case a multi-tracer application is demanded, as frequently 
occurs. In oil field applications Br or Au are not adequate at all due to their characteristic 
long time durations of up to several months or even years [6]

Nanoparticles (NP’s) are increasingly being utilized as target material for radiotracer 
production [1, 3, 5, and 7]. Hydrodynamic characteristics have been investigated by these 
authors and others for applications in environmental resources like rivers and coastal areas by 
utilizing both radioactive and activatable tracers. Adsorption of chemicals labelled with 
isotopes onto solid surfaces such as suspended particles, banks and bottom of surface water 
bodies or internal pore walls in groundwater will result in erratic measurement data. It is 
possible to engineer hydrophilic or hydrophobic NP’s to fit the several applications. Jung et 
al. (2010) produced gold NP’s by irradiating a gold solution in a gamma radiation from 60Co 
and subsequently coated the NP’s with silica by the sol-gel method [4, 8]. Then the silica- 
coated Au-NP’s were activated under neutron bombardment inside a nuclear reactor and 
inactive Au was converted into the radioactive Au isotope.

The meaning and importance of an investigation along these lines are related to its ability to 
detect, locate, and even estimate the amount of dead or stagnant volumes, as well as 
preferential paths, and recirculation. With the help of a robust tracer it becomes possible to 
visualize fluid behavior and get some knowledge on the flow pattern [9].

3. MATERIALS AND METHODS

The four stages which constitute the investigation together with the methodologies employed 
in each are considered in what follows.

3.1. Production of nanospheres

Initially, nanoparticles in the shape of nano-rods will be prepared at the Physics Department 
of the University of Minas Gerais (UFMG) using a proprietary technology sponsored by the 
UFMG.

Alternatively, the technology practiced at the Korean Atomic Energy Research Institute -  
KAERI [3] will be implemented. It consists in the dissolution of hydrogen tetra- 
chloroaurate(III) in 2-propanol and poly-vinylpyrrolidone (PVP) to form a primary solution
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with a predetermined concentration of the metal salts (HAuC14, 2.0 x 103 M). Then Nitrogen 
gas is bubbled through the solution for 30 min to remove oxygen, and the solution is 
irradiated with y-rays from a 60Co source under atmospheric pressure and ambient 
temperature. A total irradiation dose of 30 kGy (dose rate = 1.0 x 104 G h'1) is used. Gold 
colloids with 90 nm diameter are successfully prepared.

3.2. Synthesis of Au@Si02 NP’s

Following the NP production, core-shell Au@SiÜ2 nanoparticles are prepared by the sol-gel 
reaction of 98% tetra-ethoxysilane (TEOS) in the presence of the as-prepared gold NP’s. An 
aliquot of 4.0mL of gold NP colloid is mixed with 59 mL of ethanol and l.OmL of NH4OH in 
a round flask and shaken for 24 h at room temperature. Then the solid state Au@SiC>2 NPs 
are obtained by using a centrifuge, following which the obtained Au@SiÜ2 NP’s are calcined 
in order to remove organic compounds under nitrogen gas flow conditions. The structural 
formula of TEOS and a simplified schematic diagram of Au@SiÜ2 production are depicted 
in figure 1.

R a d io is ó to p o  
^AiKa SiOj NP

Reação
Sol-Gel Calcinação

A u*i S»C)2 NP,97Au NP 
preparada por 
irradiação 7

Au(â Si02 NP

Figure 1: Preparation procedure of the radioisotope 198Au@SiÜ2 by the sol-gel reaction
(adapted from Jung, et al.. 2010)

3.3. Performance of the inactive tracer

The proposed technique for the evaluation of secondary recovery in oil reservoirs consists in 
using the gold NP’s in the non-radioactive state, i.e. as an activable tracer. This is mandatory 
in this kind of application inasmuch as the half-life of Au is totally incompatible with the 
duration of such tests. As happens with the usually employed tritiated water (HTO) tracer, 
which is a low energy (18.6 keV) /?-emmiter and has to be sampled for liquid-scintillation 
measurement, the Au-NP’s will also have to be sampled. Given the dearth of suitable tracers 
for this kind of application, sampling does not detract from their usefulness in the same way 
as that of HTO.

Accordingly, the inactive 197Au@SiÜ2 tracer will be tested for its performance under 
conditions similar to flow in porous media in oil reservoir, except (initially) for the 
temperature. A schematic description of the test rig to be employed is shown in figure 2.
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Figure 2: Test scheme for simulation of flow through an oil reservoir rock

Together with the candidate 197Au@SiC>2, other tracers will be injected at each test run; HTO 
andNaCl, which will act as reference tracers. A bank (a positive step injection followed by a 
negative step after the injection of 2 -3 porous volumes) of the joint tracers solution will be 
injected into the test core. The automatic sampler at the exit of the core will provide samples 
at pre-defined time intervals, and the concentrations of Au@SiC>2, HTO and NaCl will be 
measured by activation analysis, liquid scintillation spectrometry and conductometry, 
respectively. Then the time responses to the three injections will be compared to decide about 
the reliability of the candidate tracer for this application.

3.4. Neutron irradiadiation

The samples containing 197Au@Si02 will be irradiated by a thermal neutron flux of 
(/>th~6.6 x 1011 n cm'2 s'1 at 100 kW in the rotatory table of the TRIGA IPR-R1 nuclear 
reactor at CDTN. The activity to be produced is proportional to the amount of gold in the 
samples, as given by the formula:

W ( -0,693tj/ti\
A = T¡Nivf,1̂ tha0[ 1-e  f) (1)

where W  is the mass of the irradiated sample, M = 197 is the atomic weight of inactive gold, 
NAv = 6.0 2 2 x 1023 mof1 the Avogrado number, rj = 1 the target nucleus isotopic 
abundance, o0 = 98.8 b the cross section for thermal neutrons of 197Au, the irradiation 
time, and t±¡2= 232,850 s the half-life of Au. Figure 3 presents the decay scheme of the 
198Au nuclide:
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Figure 3: Decay scheme for 198 decay
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Independently of the tests for the verification of Au@SiÜ2 as a tracer, the gamma spectrum 
of an irradiated sample from the produced batch will be analyzed, and both the peak energies 
and their decay will be observed in order to warrant the radionuclide purity and the success of 
the silica-coated gold nanoparticle synthesis.

4. CONCLUSIONS

In particular the oil industry will benefit from this technique, which in addition could be 
employed in various other industrial activities, especially in chemical industrial processes, 
and in the mining-metallurgical sector. Not only that, but it will also meet the demand for 
tracers to indicate and measure transport processes and to calibrate models that simulate 
them.
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