
2017 International Nuclear Atlantic Conference - INAC 2017 

Belo Horizonte, MG, Brazil, October 22-27, 2017 
ASSOCIAÇÃO BRASILEIRA DE ENERGIA NUCLEAR – ABEN 

  
 

CYCLOHEXANONE MICROFLUIDIC EXTRACTION OF 

RADIOACTIVE PERRHENATE FROM ACID SOLUTIONS 

 

Ilza Dalmázio1,2 and Elisabeth Oehlke1 

 
1 Section Radiation and Isotopes for Health 

Department of Radiation Science and Technology 

Faculty of Applied Sciences 

Delft University of Technology 

 Mekelweg 15 

 2629 JB, Delft, The Netherlands  

E.Oehlke@tudelft.nl 

 
2 Nuclear Technology Development Center 

Av. Presidente Antônio Carlos, 6.627, Campus da UFMG – Pampulha 

31270-901 Belo Horizonte - MG, Brazil 

id@cdtn.br 

 

 

ABSTRACT 

 
Several studies have investigated the application of microfluidic devices in extraction processes. A potential use 

of microfluidic devices is in radionuclide generators based on solvent extraction, as the 188W/188Re generator. The 

aim of this work is to present the initial results of microfluidic solvent extraction of radioactive perrhenate. 

Aqueous solutions of ammonium perrhenate at 0.1 mg/mL (in water, HCl or sodium tungstate) were used as feed 

solution and cyclohexanone as extractant. As a first step, the fluid behaviour inside the glass microchannel was 

evaluated to reach laminar flow. The second step was the determination of extraction efficiency using thermal 

neutron activated perrhenate to produce feed solutions. The extraction conditions permitted liquid-liquid contact 

times as short as 0.5 s. Increasing of the contact time, resulted in a higher extraction efficiency of perrhenate, e.g. 

14 % for 0.5 s and 32 % for 1.1 s using a 0.1 mol/L HCl feed solution. The extraction of perrhenate improved also 

when applying a feed solution with higher acidity, e.g. 52% for 1 mol/L HCl with contact time of 1.1 s. The 

influence of adding sodium tungstate to the feed solution was also examined. To the best of our knowledge, these 

are the first results related to perrhenate solvent extraction using a microfluidic device. The usefulness of 

microfluidic devices to screen extraction conditions was demonstrated making it possible to evaluate the effect 

of electrolytes on the perrhenate extraction process in a short time-frame. 

 

 

1. INTRODUCTION 

 

 

The miniaturization of chemistry is a branch of science with great potential for both research 

and industrial applications. The development of this area in the last two decades has been 

enormous, however, there are still many challenges and future prospects to be addressed [1,2]. 

Microfluidic devices are applied in genomics, proteomics, enzyme assays, for small molecules 

analysis [3], microchemical synthesis [4], standard synthesis protocols, research and 

development of new radiopharmaceuticals [5], liquid-liquid extraction of radionuclides in 

analytical procedures [6], etc. 

 

Liquid-liquid extraction is based on the partition of a substance into two phases for the purpose 

of separation, concentration, purification, and has a broad spectrum of applications. This 

technique may be greatly benefited from the microfluidic field, due to intrinsic advantages of 

the micro dimensions, such as: use of laminar flow conditions, high surface-to-volume ratio, 
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reduction of chemicals (important characteristic for hazardous materials processing), reduction 

of waste generation, and possibility of exploring a number of separation conditions in a short 

time-frame, e.g. by varying solvent, contact time, flow rate, flow regime, temperature, etc. [7]. 

 

Several studies have investigated the application of microfluidic devices for the extraction of 

organic compounds and metal ions [8]. In spite of the great potential, there are few reports 

involving both radioisotope liquid-liquid extraction and microfluidics processes. Some 

examples are: (i) on-line solvent extraction experiments of Dy-150 performed as model for  

heavy actinides behaviour [9], (ii) extraction of Am-243 at the interface of an organic-aqueous 

two-layer flow [10], and (iii) using a microfluidic approach to extract and purify Cu-64 from 

an acidic aqueous solution [11]. 

 

A potential use of the microfluidic process is in radionuclide generators based on solvent 

extraction, such as the 188W/188Re generator described by Dash and Chakravarty [12]. The use 

of microfluidic devices in such application can be useful by downscaling the extraction 

apparatus dimensions, offering easy operation, compactness, reduction of shielding, and the 

possibility of automation. 

 

In view of this scenario, the aim of this work is to present the initial results of solvent extraction 

of radioactive perrhenate using a microfluidic device.  

 

 

2. MATERIAL AND METHODS 

 

 

2.1. Materials 

 

All chemicals were of analytical grade. Ammonium perrhenate (NH4ReO4) and cyclohexanone 

were obtained from Sigma-Aldrich, hydrochloric acid 37 % from J.T. Baker, and sodium 

tungstate dihydrate (Na2WO4·2H2O) from Merck. Purified water prepared in a Milli-Q system 

(Millipore) was used throughout the experiment. 

 

The microfluidic device was purchased from the Institute of Microchemical Technologies Co. 

(IMT), and consisted of an enclosed microchannel in a glass chip with a Y junction, a main 

channel with the dimensions of 46 µm x 160 µm x 12 cm and a 6 µm guide, and a Y splitter 

(ICC-DY15G) on a chip holder (ICH-01K), Figure 1. Syringe pumps (Braintree Scientific Co.) 

delivered solvents and solutions to the chip via PEEK tubing. An inverted microscope at 250 

times magnification was employed for observing the flow behavior of solutions in the 

microchannel. 
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Figure 1: (a) Microfluidic device: glass chip and holder. (b) Glass chip: Y inlet, main 

microchannel (Length = 12 cm) and Y splitter. (c) Schematic cross-section of the main 

microchannel. 

 

 

2.2. Definition of flow conditions 

 

Aqueous solutions of NH4ReO4 at 0.1 mg/mL (in water, HCl or aqueous Na2WO4 solutions) 

were used as feed solution and cyclohexanone as extractant. To enable the liquid-liquid contact, 

these fluids were pushed through the glass microchannel in a co-flowing regime. Altering the 

concentration of electrolytes and flow rates, several conditions were tested to achieve laminar 

flow, a stable liquid-liquid interface, and an appropriate phase separation at the Y-splitter with 

no aqueous leakage in the organic phase. All liquids were filtered using 0.22 µm syringe filters 

before injection in the microchannel. The experiments were performed at 20 °C. 

 

 

2.3. Extraction procedures and analysis 

 

Samples of NH4ReO4 were neutron irradiated (thermal neutron flux 3.1 x 1016 m-2 s-1) at the 

Hoger Onderwijs Reactor (Delft, The Netherlands) for 1 hour and left to cool down for 3 days. 

The activated material was dissolved in water or solutions containing electrolytes to produce a 

feed solution of NH4ReO4 at 0.1 mg/mL for subsequent microfluidic extraction using the flow 

conditions defined previously. These solutions contained approximately 160 kBq/mL of 186Re 

and 75 kBq/mL of 188Re.  To determine the extracted fraction of perrhenate, both the aqueous 

feed phase and samples of the organic phase were collected and further analyzed using gamma 

counting in a well-type NaI(Tl) detector (Perkin Elmer 2480 Wizard2), monitoring the energy 

region comprising 137 and 155 keV of 186Re and 188Re, respectively. 

 

 

3. RESULTS AND DISCUSSIONS  

 

 

3.1. Evaluation of fluids inside the microchannel 
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The fluid behaviour at the microscale can differ remarkably from that seen on the macroscale. 

Due to reduced dimensions, laminar flow can be observed inside microchannels of simple 

geometries. In a system with two fluids, they flow next to each other and not of on top of each 

other as in macroscale. A stable, parallel liquid-liquid interface can easily be formed inside the 

microchannel, even for miscible fluids [13]. 

 

The system using water and cyclohexanone was the first system tested at several flow rates and 

flow rate ratios. The laminar flow with a stable interface and efficient phase separation was 

achieved with flow rates of 20 to 50 µL min-1, and with an aqueous:organic phase ratio of 1:1, 

Figure 2. A similar fluid behaviour inside the microchannel was observed when the aqueous 

phase consisted of 0.1 mg/mL sodium perrhenate in water, HCl (0.01, 0.1 and 1 mol/L), or 

contained Na2WO4·2H2O at 1 mg/mL. We observed that the laminar flow was disturbed as the 

concentration of electrolytes increased, e.g. for Na2WO4·2H2O at 10 mg/mL we could observed 

multiple interfaces and loss of stability of the laminar flow regime. 

 

 

 
Figure 2: (a) Top view of Y inlet, with laminar and parallel flow and stable interface 

between water and cyclohexanone. (b) Phase separation at Y splitter. 

 

 

3.2. Microfluidic solvent extraction 

 

The perrhenate extracted fraction (E %) was calculated using: 

 

E % =  
Aorg

Aaq
× 100 

(1) 

 

where Aorg and Aaq are the activity concentration (Bq/mL) of the extracted organic phase and 

aqueous feed solution, respectively. 

 

The contact time between the fluids was estimated taking into account the flow rates and the 

volume occupied by each phase inside the microchannel [14]. The extraction conditions 

allowed contact times down to 0.5 s, as shown in Table 1. 
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Table 1:  Contact time of fluids inside microchannel. 

 

Flow rate  /   µL/min 

Contact time  / s 

Aqueous phase Organic Phase 

50 50 0.5 
40 40 0.6 
30 30 0.8 
20 20 1.1 

 

 

As shown in Figure 3, increasing the contact time resulted in a higher extraction efficiency of 

perrhenate, e.g. 14% for 0.5 s and 32% for 1.1 s, using a 0.1 mol/L HCl feed solution. The 

extraction of perrhenate improved also when a feed solution with higher acidity was applied, 

e.g., 3% for water, 25% for 0.01 mol/L HCl, and 52% for 1 mol/L HCl, in extractions with a 

contact time of 1.1 s. This agrees with the report of Jordanov and co-workers [15] who observed 

a salting out effect of HCl in the conventional solvent extraction of perrhenate ions by 

cyclohexanone, where the increase of acidity from 0.5 to 1 mol/L resulted in a higher 

distribution ratio of perrhenate. 

 

 
 

Figure 3 – Extracted fraction of perrhenate (E%) as a function of contact time and HCl 

concentration in aqueous phase. 

 

 

To estimate the repeatability of microfluidic extraction, we performed the experiment with 

perrhenate in 0.1 mol/L HCl as aqueous phase in triplicate for each contact time. The relative 

standard deviation of the extracted fraction of perrhenate varied from 3 to 10%. This variability 
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can be attributed to small fluctuations induced by the syringe pumps, which can be a source of 

variations in microfluidic flow rates and consequently in the extraction performance [16]. 

 

In view of a potential application in radionuclide generators based on solvent extraction, such 

as 188W/188Re generator, aqueous solutions of perrhenate containing tungstate were also 

evaluated, Figure 4.  

 

 

 
 

Figure 4 – Extracted fraction of perrhenate (E%) as a function of contact time and 

sodium tungstate in aqueous phase. 

 

 

The addition of tungstate in the system with pure water presented no significant difference in 

the extraction efficiency. However, for the system containing HCl, the extracted fraction of 

perrhenate was significantly lower in the presence of tungstate, showing in this case a salting 

in effect [17]. This could be a result of the differences in the mechanism of the solvent 

extraction of perrhenate by cyclohexanone when this process is performed in diverse media, 

such as acid or salts, as described by Jordanov and co-workers [18]. 

 

The use of microfluidics in extraction processes is a promising area for research and 

technological development. The extraction efficiency can be improved by using several 

approaches, such as other microfluidic regimes, devices with a different design, or with a 

similar design as the one in this paper but increased contact time, and even by means of the 

numbering-up technology that amplifies the possibility of microfluidic device use for industrial 

applications [19]. In spite of the low extraction efficiency observed above, we consider our 

results encouraging for further studies that explore microfluidic extraction for radioisotopes 

separation and potential future use in radioisotopes generators. 
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3. CONCLUSIONS  

 

In this study, we presented the first results of perrhenate extraction from acid solutions using 

cyclohexanone in a microfluidic device. To the best of our knowledge, these are the first results 

related to perrhenate solvent extraction using a microfluidic device. The influence of the 

presence of electrolytes in the feed solution on the perrhenate extraction was evaluated and the 

experimental conditions permitted extractions with short contact time. A higher extraction 

efficiency of perrhenate was achieved by increasing the contact time and applying a feed 

solution with higher acidity. The importance of the HCl salting out effect was observed. The 

addition of sodium tungstate to the feed solution containing HCl decreased the extracted 

fraction of perrhenate, showing a salting in effect. The usefulness of microfluidic devices to 

screen extraction conditions was demonstrated making it possible to evaluate the effect of 

electrolytes on the perrhenate extraction process in a short time-frame. We consider our results 

inspiring for additional and new studies on radioisotopes microfluidic separation. 
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