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Electrolytic reduction of Re(VII) using a flow type electrolysis cell and its possibility of
radiopharmaceuticals application
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The electrochemical properties of perrhenate were studied in hydrochloric acid solution via cyclic voltamme-
try by disk glassy carbon electrode. The electroreduction of perrhenate was performed at a constant potential
—0.33V (vs. Ag/AgCl) with a potentiostat by a flow type electrolysis cell. It was found that the change of
rhenium ion concentration before and after electrolysis was negligible. This means almost no rhenium or rheni-
um oxides were deposited on the carbon fiber electrode during the electroreduction. The rhenium ion solution
changed from colorless into yellow-brown after electrolysis process. UV-Visible spectrophotometry was used
to characterize the oxidation states of Re before and after electrolysis. Some obvious peaks were detected after
electrolysis, indicating that Re(VII) was reduced to Re(V). The complex behavior and stability of Re(V)-HEDP
were discussed for the purpose of electroreduction of Re(VII) or Te(VII) on radiopharmaceuticals production.
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I. INTRODUCTION

In recent years, **"Tc and '®¥Re have been widely em-
ployed in radioimmunotherapy [1-3].  *™Tc(V)-DMSA
(dimercaptosuccinic acid) and 188Re(V)-DMSA can be selec-
tively taken up in bone metastases in patients with prostate
cancer [3]. As a new radiopharmaceutical, '3¥Re(Sn)-HEDP
can localize in skeletal metastases and emit beta particles that
may be beneficial for therapeutical [4]. However, KTcO, and
KReO, cannot be labeled directly with interested complexes
as radiopharmaceuticals since they form as anion in buffer so-
lution. The labeling procedure is realized only when Tc(VII)
and Re(VII) are reduced to low valence states (I, III, IV and
V) and form as cation. Up to now, chemical reduction meth-
ods are common ways in radiopharmaceuticals production.
Stannous chloride [5-7] is used as the reducing regent. When
it reduces *™Tc and '3®Re, it can company with radioactive
drugs into human organisms. As stannous chloride is toxi-
¢, this method of processing radioactive drugs is harmful to
the organisms. In addition, it can be easily oxidized in air,
which limits its reduction efficiency. Also oxidation states
in reduction of Re(VII) and Tc(VII) by stannous chloride are
still undetermined [8, 9].

If the chemical reducer for radiation therapy can be re-
placed by electrochemical reduction process with a flow type
electrolysis cell, drug safety of the radioimmunotherapy can
be improved and the chemical toxicity can be decreased. In
fact, electrochemical reduction technology was chosen to re-
duce Re(VII). Hindman et al. [10] studied electrolytic reduc-
tion of perrhenate in hydrochloric acid of different concen-
trations, but they did not connect the result with radiophar-
maceuticals preparation. Dadachova et al. [11] studied elec-
trolytic reduction of carrier-free '®¥Re in 7M hydrochloric
acids, yet stability of the reduced Re(V) with DMSA was on-
ly 40 min, thus limiting application of the Re electroreduction
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in radiation therapy. These results indicate that Re(VII) could
be reduced to lower oxidation states by electroreduction tech-
nology. However, ordinary electrolytic cell may not fit for
relatively short half-life therapeutic radionuclide used in ra-
diopharmaceuticals. With a high efficient electrolytic cell,
short half-life therapeutic radionuclide could be employed in-
to radiation therapy.

The high efficiency of electrolytic cell has been confirmed
by Wei et al., for up to 90% reduction of Ce(IV) [12] and
much higher efficiency of Tc(VII) reduction than ordinary
electrolytic cell [13]. This cell was featured by the specific
design of the anode and cathode, which can prevent oxida-
tion of the reduced rhenium by the anode. In this paper, we
investigate the feasibility of reducing perrhenate to prepare
Re-labeled compounds using high efficiency electrolytic cell.
The irreversible reduction behavior of Re(VII) is investigated
in 1M hydrochloric acid. Stability of the reduced Re with
HEDP is discussed. Stable Re(VII) isotopes, being of similar
chemical properties with the radioactive Re(VII) isotopes, are
used. Also, Re and Tc are in the same main group in the pe-
riodic table, stable Re isotope can be used as a surrogate for
further studies on radioactive Re and Tc productions [14].

II. EXPERIMENTAL

Potassium perrhenate (KReO,); 1-hydroxyethylidene-1, 1-
diphosphonic acid (HEDP); potassium thiocyanate (KSC-
N), sodium hydroxide (NaOH), cesium chloride (CsCl) were
commercial reagents of analytical grade.

The experiments of cyclic voltammetry were performed
at 298K in a conventional three-electrode system, with a
flow type electrolysis cell (HX-201; Hokuto Denka, Ltd.) as
shown in Fig. 1. The working electrode was a disk glassy
carbon electrode (¢ 2 mm), the counter electrode was a plat-
inum disk electrode (¢ 2mm), and the reference electrode
was a KCl-saturated Ag/AgCl reference electrode (0.197V
vs. standard hydrogen electrode).
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Fig. 1. The flow type high-efficient electrolysis cell.

The cathode was glassy carbon fibers in a cylindrical col-
umn of Vycor glass (a porous silica glass), which acted as
both cathode compartment and separator. Sample solution
containing 1 mM Re(VII) was prepared by diluting Re(VII)
stock solution with 1 M HCI solution and was introduced in-
to the Vycor glass column by peristaltic pump at the flow
rate of 0.8 cm®/min. The electroreduction was carried out at
a potential —0.33 V (vs. Ag/AgCl) with a potentiostat. The
concentration of Re ions before and after electrolysis was de-
termined by an inductively coupled plasma atomic emission
spectrometry (ICP-AES, ICP-7510, Shimadzu, Japan). The
Re ion solution was analyzed by UV-Visible spectrometer
(UV-3600, Shimadzu, Japan) and infrared spectrum analyz-
er (EQUINOXSS5, BRUCK).

The experiments were conducted by an electrochemical
workstation CorrTestTM model CS1350 equipped with elec-
trochemical testing and analysis tools Version 4.3 software.
All the experiments using Re solutions were carried out un-
der nitrogen protection.

III. RESULTS AND DISCUSSION
A. The cyclic voltammogram

The cyclic voltammogram of KReO, in 1 M HCI at 298 K
with scan rate of 25 mV/s is shown in Fig. 2.

Three reduction peaks and two oxidation peaks could be
seen in the scanning potential range of —0.9~1.3V (vs.
Ag/AgCl). On the negative-going forward scan, the first peak
located at ca.0.8 V was due to the solvent reduction. The
second peak observed at ca.—0.33 V corresponded to the re-
duction of Re(VII) into a lower oxidation state of Re [15].
The reduction peak at ca.—0.9V, bubbles appeared on the
working electrode surface, which meant that the reduction of
hydrogen ions had begun, as described in Eq. (1). On the
positive-going reverse scan, the appearance of a weak oxida-
tion peak at a potential of 0.5 V was the oxidation of the low
state of Re [16]. As for the oxidation peak at 1.3V, it was the
overflow of the oxygen, as described by Eq. (2). Obviously,
the cyclic voltammogram of Re(VII) in 1 M HCI provided the
redox behaviors of Re(VII) and the possibility of reduction of
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Fig. 2. Cyclic voltammogram of 1 mM KReO, in 1 M HCl at 298 K;
Scan rate: 25 mV/s (Unit: Potential, V vs. Ag/AgCl).

Re(VII) into low oxidation states by direct electrolysis from
hydrochloric acid.

2H" + 2¢~ — H,, (1)
2H,0 — 4e™ — O, +4HT. )

B. Electrolytic reduction

According to the cyclic voltammogram of 1 mM Re(VII)
in 1M HCI, the potentiostatic electroreduction experiments
of the same Re solutions were conducted at a fixed potential
of —0.33V by a flow type electrolysis cell. The concluded
cathodic currents during electrolysis were shown in Fig. 3.
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Fig. 3. Current in electrqusis of Re solution. [Re] = 1 mM; [HCI]
= 1 M; flow rate: 0.8 cm®/min; Potential: —0.33 V (vs. Ag/AgCl).

According to Méndez et al. [17], the possibility of elec-
troreduction mechanisms of Re(VII) in aqueous solution was
considered as follows: When the current was relatively low at
the first 20-30 min, an initial amount of low oxidation states
of rhenium formed by direct electron transfer, as described in
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Egs. (3)- (5). Then the current increased to an almost con-
stant value, probably due to the adsorption of perrhenate on
the glassy carbon electrode surface followed by a reduction
reaction assisted through the participation of H 4 to yield the
low oxidation state of Re, as described in Egs. (6) and (7).
This means that the electroreduction of Re(VII) stably con-
tinued on in the 1 M hydrochloric acid.

The possible electroreduction reactions [17-19] were (E?
is the standard electrode potential)

ReO; +2H" + e~ — ReO; + H,0 E? =0.760V, (3)

ReO; +4H" 43¢~ — ReO,+2H,0 E? =0.510V, (4)

ReO; +8H' +7e~ — Re +4H,0 E’ =0.363V, (5)

H +e” —H,,, 6)

ReO; +3M—H,,+H" +3e~ — M—ReO,-2H,0. (7)

From these reactions, the possible final products of elec-
troreduction of Re(VII) were ReO;, ReO, or Re. However,
the Re solution concentration before and after electroreduc-
tion measured by ICP-AES did not support this conjecture.
The concentrations of Re solution before and after electroly-
sis were measured at 186.4 ppm and 186.0 ppm, respectively,
and the difference was negligibly slight. This means that there
were hardly any ReO;, ReO, or Re deposited on the carbon
fiber electrode during the electrolysis.

However, it was found that the colorless Re solution be-
came yellow-brown after electroreduction, indicating the for-
mation of the Re(V) species [10, 11], which confirmed that
Re(VII) had been reduced.

C. UV-visible spectroscopy

Figure 4 shows the absorption spectra of 1 mM Re in 1M
HCI solution before and after electroreduction. There was
no visible absorption peak for Re(VII) between 300 nm and
600nm. For Re solution after electroreduction, a large ad-
sorption peak appeared around 450 nm [10]. This peak was
assigned to Re(V). This confirmed that the Re(VII) was re-
duced to Re(V). According to Refs. [8, 9], the Re(V) species
might be ReO(Cl), or Re(Cl). In order to characterize the Re
reduced structure (ReO? or Re>*), 0.5 M cesium chloride was
added into the reduced Re solution and there was no precipi-
tation. As described in Ref. [8], only Re(Cl)4 can react with
cesium chloride resulting in precipitation. The Re(V) species
after electrolysis was probably ReO(Cl);.

KSCN solution was added into the solution to confirm the
oxidation states of Re. The absorption spectra were record-
ed. The reduced solution (after electrolysis) stayed yellow-
brown with the addition of KSCN solution, whereas the ini-
tially colorless solution without electrolysis turned into very
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Fig. 4. Absorption spectra of Re solution before and after the elec-
trolysis. Concentrations: [HCl] = 1 M.

light purple. This observation agreed with the reported re-
sults [11, 13]. The absorption spectra are shown in Fig. 5.
A sharp peak around 350 nm assigned to the absorption of
ReVO(SCN)* appears with a shoulder peak around 450 nm
corresponding to ReO(Cl);. It means that a part of the ReO}
was complexed with thiocyanate ions.
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Fig. 5. Absorption spectra of Re solution modified with KSCN.
Concentration: [HCI] = 1 M; [KSCN] = 0.1 M.

One day after the reduction, the reduced solution stayed
yellow-brown in color. In order to confirm the stability of
the reduced Re solution, the absorption spectra of reduced
Re solution were measured 6 and 24 h after reduction of the
solution (Fig. 6). The peak around 450 nm was observed 24 h
after the reduction, indicating that the reduced Re solution
remains stable in the hydrochloric acid for at least one day.

Two days after the reduction, the yellow-brown color faded
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Fig. 6. Absorption spectra of electroreduced Re solution 0 h, 6 h and
24 h after electrolysis. Concentrations: [HCI] =1 M.
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and black precipitation appeared in the solution. Because the
Re(V) solution undergoes disproportionate to compounds of
Re(VII) and Re(IV) [20], as described in Eq. (8). This black
solid was presumed to be ReO,

3Re®t — 2Re*t + Re™t. 8)

D. ATR-IR Spectroscopy

In order to study the complexation properties of elec-
trolytic reduction of rhenium with HEDP, the attenuated total
reflection-Fourier transform infrared spectroscopy (ATR-IR)
was used to give the specific structural information concern-
ing the Re(V)-HEDP complexes in solution.
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Fig. 7. ATR-IR spectra for HEDP (alone) and Re(V)-HEDP complex
at 298 K and pH 4. (a) 700-2800 cm ™", (b) 950-1250 cm™*.

The ATR-IR was recorded between 4000cm~! and

600cm~!. The ATR-IR spectra of Re(V)-HEDP and free
HEDP ligand are shown in Fig. 7. On the basis of Ref. [21],
absorption bands assigned to P=0 stretching modes were ob-
served in the 1610-1720 cm™! region for both HEDP (alone)
and Re(V)-HEDP. Absorption bands assigned to P-O asym-
metric and symmetric stretching vibration modes were shown
in the 1020-1210cm™~" region for HEDP, and in the case
of the complex are shifted to the bands 1030-1200cm™1.
The absorption bands in 1160-1210cm™! region was at-

Nucl. Sci. Tech. 26, S10308 (2015)

tributed to the (P-O)H asymmetric stretching modes, and the
(P-O)H symmetric stretching modes were observed in the

1020-1110cm™" region for HEDP, while the (P-O)-Re(V)
-0.01

1650 cm-! Re(V)-HEDP (a
0.02 | 1060 cm-t TN
g "Re(V)-HEDP -
€ -0.03 |1\ [1170cmL” A " oneday later
s S
[ \\ i
20041
<
-0.05
-0.06 1 L ) !
1000 1500 2000 2500
Wavenumber (cm-1)
\
\_ 1060 cm-t ®)
-0.030 ..
‘ |
8 \ 1170 cm-!
€ -0.035}f \
H \
E-]
= \
2 . Re(V)-HEDP
< _0.040} N
Re(V)-HEDP
one day later |
-0.045 | . e :
950 1050 1150 1250

Wavenumber (cm-1)

Fig. 8. ATR-IR spectra for Re(V)-HEDP complex at 298 K and
pH 4 one day later. (a) wavenumber regions from 700cm™! to
2800cm™?, (b) from 950 cm ™ to 1250 cm™!.

vibrations are observed at about 1060 cm~!(symmetric) and
1170 cm~!(asymmetric), respectively.

The ATR-IR absorption spectra of the Re(V)-HEDP solu-
tion (one day later) were measured (Fig. 8). One finds that
the spectra are almost the same. If the Re(V) made changes
in the solution of the Re(V) and HEDP, then the ATR-IR
spectra of the Re(V)-HEDP one day later would differ from
the Re(V)-HEDP. This confirms the stability of Re(V)-HEDP,
hence the possibility of using Re(V)-HEDP in radiopharma-
ceuticals production.

IV. CONCLUSION

Re(VII) was electroreduced in a flow type electrolysis cel-
1 with glassy carbon as working electrode at —0.33V (vs.
Ag/AgCl) in 1 M hydrochloric acid and no Re or rhenium ox-
ides were deposited on the working electrode. After the high-
efficient electrolysis, Re(VII) was specifically reduced to its
lower oxidation state: Re(V), and Re(V) solution was sta-
ble enough for several days. Also the stability of the Re(V)-
HEDP solution was confirmed and it is possible to be applied
in the radiation therapy.
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