Physicochemical Problems

Physicochem. Probl. Miner. P .50(1), 2013, 387—-397 . .
ysicochem. Pro iner. Process. 50(1), , 3 ‘ of Mineral Processing

ISSN 1643-1049 (print)

www.minproc.pwr.wroc.pl/journal/
proc.p Pyl ‘ ISSN 2084-4735 (online)

Received May 29, 2013; reviewed; accepted August 11, 2013

A STUDY OF SELECTED PROPERTIES
OF RHENIUM SULPHIDE DISPERSION

Dariusz W. PAWLAK”, Jozef L. PARUS", Ewa SKWAREK”,
Wiladyslaw JANUSZ™

“ Radioisotope Centre POLATOM, National Centre for Nuclear Research, Otwock, Poland
™ Maria Curie Sklodowska University, PI. M. Curie Sklodowskiej 3, 20-031 Lublin, Poland
wladyslaw.janusz@umecs.lublin. pl

Abstract: Due to potential application of rhenium sulphide in medicine and industry, this study is
focused on the properties of synthetic and commercial rhenium sulphide. The main reaction of rhenium
sulphide preparation involves potassium perrhenate and sodium thiosulphate in the acidic environment
giving a mixture of rhenium sulphide and sulphur. The next step is removing sulphur by its dissolution in
ether. Stabilization by Povidone K-25 is needed to obtain rhenium sulphide dispersed with the grain size
of 0.5-4 um. The extrapolated value of pHiep for synthesised rhenium sulphide is 2.3 whereas for
commercial samples this value is lower than 2. For synthetic sample a dependence of zeta potential on the
carrier electrolyte concentration is found. It is larger than that for the commercial sample, probably due to
surface oxidation during synthesis or purification.
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Introduction

The method of rhenium sulphide preparation and its properties are studied in relation
to its potential application in nuclear medicine as a catalysts in hydrogenation,
hydrodesulphurization, hydronitriding (Klett et al., 2007, De Los Reyes, 2007) as well
as in the form of nanoparticles in electronics (Coleman et al., 2002). Rhenium
sulphide is the most common carrier of radioactive rhenium in nuclear medicine
(Junfeng et al., 2007). Though there have been developed a number of procedures for
sulphide preparation, they produce rhenium sulphides of different structures which is
still the subject of studies.

Traore described preparation of Re,S; using the acidified solution of potassium
perrhenate and thiosulphate or hydrogen sulphide (Escalona et al., 2007). After
annealing at 110 °C for a few days, the obtained black precipitate was identified as
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Re,S; of the tetragonal structure. According to the authors, this sulphide can be readily
decomposed in hydrogen atmosphere to give amorphous rhenium trisulphide, ReSs;,
which is a precursor of rhenium disulphide, ReS,. It can be obtained in vacuum at high
temperature as the reaction product of metallic rhenium and elementary sulphur. It is
regarded as the most stable rhenium sulphide. It has a hexagonal structure (a = 3.14
and ¢ = 12.2 A), but its parameters can differ insignificantly depending on the excess
of sulphur.

Amorphous Re,S; was also obtained in the reaction of potassium perrhenate and
sodium thiosulphate in the acidic medium and studied by means of X-ray adsorption
XAS method. The results showed that it has the rhombic cluster with metal-metal
combination as a basic unit of the structure (Hibble et al., 1996).

The studies carried out by Schwarz et al. (2004) on the ReS; Re,S;, ReS;
characteristics indicate the presence of sulphur in the forms S* and S%, in the
compounds ReS; and Re,S; whereby the content of S,% in both ReS, and Re,S; is
larger than that in S*.The authors also suggest that the phases ReS, and Re,S; are
closely structurally connected. Given the fact that both sulphides transform into ReS,
during heating, they proposed to treat them as components of the continuous structure
ReS:5.4(S,)1.15 Which differs in the S, /S? ratio.

Startsev et al. (1996) described the preparation of ReS, by means of the reaction of
HReO, with H,S at 450°C. The TEM studies revealed the presence of spheres of a
diameter ~ 6 A which is consistent with the inner distance dgp; = 6.1 A in the ReS,
structure. However, the studies using the X-ray diffraction method showed that the
structure is strongly disordered. Similarly, spherical ReS, particles of the size 0.1 do 1
um were obtained as a result of the reaction of ReCl, with Li,S in ethyl acetate. The
XRD studies confirmed partially crystalline structure of the obtained substance.

For the purpose of the use in radiosynovectomy some attempts were made to
synthesize colloidal rhenium sulphide based on the reaction of potassium perrhenate
solution with thiosulphate solution in the acid medium (Junfeng et al., 1999) or using
the method described by Tui and Denizot (Tu et al., 2007) in which the reagents
(sodium thiosulphate and potassium perrhenate) were added in the solid state to the
ethyl glycol/ethanol/distilled water mixture.

Though ReS, was investigated by many scientists, its structure is still studied.
Murray et al. (1994) claim that ReS, has a triclinic crystalline structure and the
elementary cell is characterized by the parameters: a = 6.417 A, b = 6.510 A, ¢ =
6.461 A, a =121.10°, B = 88.38°, y = 106.47°. The structure described by the authors
is composed of asymmetric elementary cells with almost hexagonal, closed and
packed layers.

In this paper the electrokinetic properties, particle size distribution and FTIR study
of rhenium sulphide dispersions are presented. The electrokinetic properties as a
function of pH reflect acid base properties of surface groups that may be interesting
for catalytic behaviour of this compound (Stelzer et al., 2005). Moreover, the study of
the particle size distribution of the rhenium sulphide suspension in the presence of
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gelatin and Povidon K-25 can be interesting for pharmaceutical applications in the
radiosynovectomy.

Experimental

Materials and methods

The studies were carried out using a commercial Re,S; sample purchased from Alfa
Asear and the rhenium sulphide sample prepared according to the Jungfeng et al.
procedure. The XRD analysis of the commercial Re,S; showed its amorphous
structure. The synthesis performed according to the Jungfeng et al. (1999) procedure
confirmed that the concentration ratio of the solutions, Na,S,05;:KReQO, = 70:1 at the
concentrations of Cyaso0z equal to 0.0394 M and Cypeos to 0.000563 M, and the
heating time 30 min is optimal. Using this procedure the synthesis was repeated many
times to determine the sulphur content in the samples and to remove elementary
sulphur.

Methods of measurements

Measurement of particle size distribution was made using the Mastersizer 2000
apparatus (Malvern) with the hydro 2000uP (A) unit. The suspension containing 0.05
g sample in 50 ml of water was transferred to the measuring cell. The rate of
suspension flow through the measuring cell was chosen adjusting the rotation speed of
the pump and ultrasound intensity.

Distribution of sulphide particle sizes after washing the sample in the agqueous
medium and dispersion subjected to stabilization using gelatin and Povidone K-25
were measured.

Zeta potential measurements of NaCl solution of the concentrations of 1, 10, 107,
10°M NaCl were made using the Zetasizer 3000 apparatus (Malvern). 0.02 g of
commercial rhenium sulphide was added to the solution of a given concentration and
subjected to dispersion using the ultrasound probe Sonicator XL 2020 (Misonix).
Then, the suspension was transferred into 125 ml flasks, and pH was adjusted in the
range from 3 to 9 in the presence of nitrogen using 0.1 M HCI and NaOH solutions.
Four measurments of zeta potential were made for each solution. Infrared spectra were
registered by means of the FTIR spectrometer Nicolet 8700A with the smart Orbit TR
diamond ATR module.

Results and discussion

Specific surface area of Re,S;

As follows from the characteristics of the surface area of rhenium sulphide samples in
Table 1, the studied samples have a similar specific surface area determined by the
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BET method, whereas the synthetic samples are characterized by a slightly larger pore
volume and larger average pore radius.

Table 1. Chracteristics of the specific surface area and porosity
of the commercial and synthetic rhenium sulphides

Rhenium sulphide Commercial. Synthetic
Surface area from the BET isotherm [m?/g] 5.18 6.26
Surface area from the Langmuir isotherm [m%g] 7.45 9.11

Total pore volume from adsorption 1.7 nm < d < and 300 nm diameter

calculated by means of the BJH method [cm®/g] 0.025 0.018
Total pore volume from desorption 1.7 nm < d < and 300 nm diameter

3 0.025 0.0185
calculated by means of the BJH method [cm®/g]
Average pore radius from adsorption — BJH method [nm] 17.86 129
Average pore radius from desorption — BJH method [nm] 16.1 10.5

Measurement of particle sizes

As follows from the comparison of Re,S; particle size distribution before and after the
ultrasound treatment, the commercial sample contains a large number of aggregates of
different particle sizes from 1 to 1000 um whereby the fraction >30um in the sample
not subjected to the ultrasound treatment is predominant. Treating the sample with
ultrasounds for 6 min causes its unification and the particle size is from 0.2 to 2 um
(Fig. 1). Both numerical and volumetric distributions indicate monomodal particle
distribution. The numerical distribution is characterized by: d(0.1) = 0.27 um, d(0.5) =
0.40 um and d(0.9) = 0.73 pm.
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Fig. 1. Volumetric and numerical particle size distribution of the commercial sample Re,S;
after the six-minute ultrasound action
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Figure 2 presents the volumetric particle size distribution of rhenium sulphide
synthesized according to the Junfeng et al. procedure. As can be seen the radius of
particles is from 3 to 50 um. Because during the Junfeng et al. (1999) synthesis of
rhenium sulphide the precipitation of elementary sulphur takes place and kinetics of
precipitation of rhenium sulphide and sulphur is fast, so it is difficult to control the
precipitation process. In the following experiments sulphur was removed by
dissolution in ether. In several runs 1.16 g of precipitate was produced and it was
washed with 400ml of ether. From the mass loss (0.5731 g) it was calculated that the
content of elementary sulphur in the sample was 49%. After sulphur removal the

rhenium sulphide sample was subjected to the particle size analysis (Fig. 2).
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Fig. 2. Particle size distribution of the rhenium sulphide sample after sulphur washing

Table 2. Quantities characterizing the particle size distribution of the rhenium sulphide sample after
washing with ether and stabilized with the pharmaceutical gelatine solution (2.3 mg/ml)

\ Dose d(0.1) d(0.5) d(0.9)
ml mag/g um um pm
0 1.27 3.24 10.62
138 1.09 2.43 6.62
276 0.84 1.76 3.74
10 460 2.62 91.66 162.5
20 920 0.86 2.02 18.08

Washing the obtained precipitate with ether changed the grain size distribution
increasing the contribution of smaller aglomerates. Repetition of syntheses and

washings with ether resulted in similar distribution of grain size as shown in Fig. 2.
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Analyzing the particle size distribution in Fig. 3 and the quantities characterizing
the particle size distribution in Table 2 one can see that the optimal dose for
suspension stabilization is 276 mg/g. When this dose is larger the steric aggregation
process is observed. When it is lower the gelatine stabilization process is not

sufficiently efficient.
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Fig. 3. Particle size distribution of the rhenium sulphide sample stabilized with gelatine
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Fig. 4. Particle size distribution of the rhenium sulphide sample stabilized with Povidone K-25
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Table 3. Quantities characterizing particle size distribution
of rhenium sulphide sample after washing with ether
and stabilizing with Povidone K-25 (1.9 mg/ml)

Vm Dosemgly ° }(10-1) d(05)  d(0.9)

m um um
0 0 1.27 3.24 10.62
3 114 0.89 1.92 6.62
6 228 0.90 1.44 231
10 380 0.87 1.39 221
20 760 0.92 1.48 2.39

Application of 228 mg/g dose of the Povidone K-25 resulted in the shift of
suspension particle size distribution towards smaller particle size, d (0.5) = 1.4 um.
Like for gelatine, this dose was sufficient for dispersion of rhenium sulphite
aggregates due to steric stabilization. However, compared to other stabilizers the
essential difference was that successive increase in the Povidone K-25 dose did not
cause suspension destabilization and the obtained particle size distribution of the
sample remained unchanged.
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Fig 5. FTIR spectra of rhenium sulphide samples

Figure 5 presents the FTIR ATR spectra of the commercial rhenium sulphide
sample and the sample prepared by synthesis. The commercial sample is characterized



394 D.W. Pawlak, J.L. Parus, E. Skwarek, W. Janusz

by vibration bands at the wave numbers 1109.1, 1018.05, 922.5 and 863.25 cm™. The
stretching vibrations (the bond Re-O) are responsible for the band at 863.25 cm™ ( Luo
et al., 2004), whereas stretching (v) vibrations of hydrosulphite ions are responsible
for the band at 1109.1 cm™* (Herlinger and Long, 1969). The bands at 1018.05 and
922.5 cm* result from the stretching vibrations of S-O groups in S,0s> (Townsend et
al., 2012). In the case of the sample prepared by the synthesis, the bands at 1166.1 and
1042.05 cm ™ formed due to stretching bonds in the sulphate group are visible (Peak et
al.,1999).

Zeta potential

Figure 6 presents the change of the zeta potential of the commercial rhenium sulphide
as a function of pH and electrolyte concentrations. As can be seen the potential
decreases with the increasing pH and the background electrolyte concentration.
However, within the given background electrolyte concentration the difference in the
zeta potential is only about 15 mV. It should be mentioned that for all concentrations
the zeta potential is negative which is characteristic of most metal sulphides because
sulphide surface is rather easily oxidized which results in the presence of acidic groups
and low pHi,. The point pHi, determined by extrapolation from the dependence
of zeta potential on pH has the value of about 2. A similar shape of zeta potential as
afunction of pH and electrolyte concentration was observed for the zinc
sulphide/NaCl solution system (Zhang et al., 1995). The charge formation at the
sulphide/solution interface comes from the acid-base reactions of the =SH and =ZnOH
groups as well as desorption/adsorption of Zn* jons (Rénngren et al., 1991).
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Fig. 6. Dependence of ¢ potential of commercial rhenium sulphide
in NaCl solutions as a function of pH
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Figure 7 presents the dependence of zeta potential of synthetic rhenium sulphide on
pH in NaCl solutions of different background electrolyte concentrations. Like in the
case of commercial rhenium sulphide the decrease in the zeta potential value with the
increasing pH is observed. However, contrary to the commercial rhenium sulphide, the
background electrolyte concentration in the case of the synthetic one has a stronger
effect on the zeta potential value. In the case of the synthetic rhenium sulphide sample
there were found surface sulphate groups (Fig. 5), formed due to oxidation of the
sulphide surface, but sulphate ions can readily pass into the solution (Géird et al.,
1995). However, these ions can take part in the surface group complexation reaction
and compete with the adsorption of background electrolyte ions. It was shown that
copper sulphide oxidation results in the increasing zeta potential value as the hydrogen
sulphate groups are replaced on the sulphide surface with the hydroxyl groups
(Fullston et al.,1999). In the case of rhenium sulphide, rhenium oxide formed due to
oxidation is characterized by acidic properties pHie, = 4.22 (Luxton et al., 2011). Thus
stronger dependence of zeta potential on the electrolyte concentration, as in the case of
many oxides, was observed for synthetic rhenium sulphide. As in the case of synthetic
sulphide, sulphate groups were found which can form surface complexes with rhenium
hydroxyl groups and in which sulphate ion can be exchanged into chloride ion of the
background electrolyte. Thus, synthetic rhenium sulphide can exhibit dependence on
pH and electrolyte concentration.
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Conclusions

Synthesis of rhenium sulphide through the reaction of potassium perrhenate with
sodium thiosulphate in the acidic medium leads to the preparation of the rhenium
sulphide and sulphur mixture. In order to obtain pure sulphide it is necessary to
remove sulphur by its dissolution in ether. To obtain rhenium sulphide in the form of
dispersion of the grain sizes 0.5-4 um it requires dispersion stabilization using
Povidone K-25. The extrapolated pHiep value of synthetic rhenium sulphide is 2.3 for
0.001 mol/dm® NaCl. As for the commercial sample the extrapolated value pHiep is
lower than 2. The synthetic sample exhibits stronger dependence of the zeta potential
on the background electrolyte concentration than the commercial one due to surface
oxidation during synthesis and/or purification.
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