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Abstract
In this study, we investigated the volatility of sodium, potassium, and cesium perrhenates using thermogravimetry (TG) 
performed on single salts and their binary mixed salts. We performed simultaneous TG and differential scanning calorimetry 
under a ramp heating condition at 10 °C/min up to 1200 °C to characterize volatilization behavior as a function of tempera-
ture. We also performed isothermal TG over a temperature range of 700–975 °C. To estimate the relative differences in the 
vapor pressure of the alkali perrhenates we adopted a published equation on the vaporization mass loss rate during diffusion-
controlled evaporation, applied a proposed equation on the interdiffusion coefficient of vapors, and used the literature data 
available on vapor pressure for KReO4. Both the temperature ranges of evaporation determined by TG under ramp heating 
conditions and the vapor pressure estimated from isothermal TG support that the order of volatility of alkali perrhenates is 
CsReO4 > KReO4 > NaReO4. This result does not support the unusual volatility order of KReO4 > CsReO4 > NaReO4 observed 
from Hanford LAW glass feeds, which suggests that the volatility of the perrhenates is likely dependent on the composition 
of salt in which the perrhenates are dissolved.
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Introduction

Decades-long plutonium production and reprocessing opera-
tions at the U.S. Department of Energy’s Hanford Site in 
southeastern Washington state generated approximately 200 
million liters of chemical and radioactive wastes that cur-
rently are stored in underground tanks [1, 2]. The removal 
and treatment of this waste falls under the jurisdiction of the 
Department of Energy, Office of River Protection. To facili-
tate treatment, the waste will be separated into a low-activity 

waste (LAW) fraction and a high-level waste (HLW) frac-
tion, each of which has different methods and constraints 
surrounding its processing. Part of the LAW portion will 
be treated in advance of completion of the whole plant, 
through the Direct-Feed, Low-Activity Waste (DFLAW) 
process which will use the Hanford Site’s Waste Treatment 
and Immobilization Plant (WTP) Low-Activity Waste Facil-
ity, the Analytical Laboratory and the supporting facilities 
that run the plant [3]. These LAWs are composed of mostly 
sodium nitrate, nitrite, aluminate, phosphate, and sulfate, 
with various numbers of minor and trace metals, organics, 
and radionuclides. Glass-making additives will be added to 
the liquid waste to form slurries that will be fed to a glass 
melter to vitrify the LAW into glass waste forms for final 
disposal [4].

One of the radionuclides that poses a great challenge 
in nuclear waste remediation is technetium-99 (99Tc or 
Tc-99). The primary form of Tc-99 in Hanford tank waste 
is the water soluble pertechnetate (TcO4

−) ion [5]. The 
baseline flowsheet for the WTP dictates that Tc-99 will 
not be removed from the aqueous waste fraction, leav-
ing the majority of Tc-99 in the LAW stream. Although 
the concentration of Tc-99 present in the aqueous LAW 
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is relatively low (~ 0.05 mM on average) [3] compared to 
other major constituents, its long half-life and high mobil-
ity in groundwater makes it a major risk contributor to the 
integrated disposal facility performance assessment [6]. In 
addition to creating challenges for the long-term disposal 
of nuclear waste, the high volatility of Tc-99 at elevated 
temperatures under aerobic conditions also significantly 
challenges the vitrification process [7].

Previous studies have used rhenium (Re) as a non-
radioactive surrogate to study the incorporation behavior 
of Tc-99 into waste glass because of its similar chemical 
affinity and volatilization behavior during vitrification [5, 
8]. Depending on the melter feed composition and oper-
ating parameters, studies have shown that the amount of 
Tc-99 and Re retained in glass varies greatly from 18 to 
66% [9, 10]. One of the current strategies to maximize the 
final retention of Tc-99 in the glass waste form includes 
collecting and recycling the Tc-containing off-gas stream 
to the melter. The down side of this approach is that in 
addition to collecting the volatilized Tc-99, it also collects 
other volatile components such as sulfur and chlorine that 
are known to limit waste loading in glass [4]. Therefore, 
understanding Tc-99 volatilization mechanisms during 
the feed-to-glass conversion process is important in the 
development of technologies to increase the final Tc-99 
retention and optimize the waste treatment and disposal 
processes at the Hanford Site.

One of the long-standing questions related to the vola-
tilization of Tc-99 and Re during vitrification of wastes 
was the form of Tc-99 and Re that volatilize. Kim and 
Kruger [7] reviewed published data ranging from evapo-
ration of simple and mixed salts to volatilization of Re 
and Tc-99 during melting of various simulated waste 
glasses. They strongly argued that, although there was no 
direct evidence, Tc and Re volatilize as alkali pertech-
netate and alkali perrhenate without decomposition (e.g., 
2KReO4 → K2O + Re2O7) during melting of Hanford 
waste glass feeds. One of the interesting findings reported 
in Kim and Kruger’s review [7] was some data suggest 
that the volatility of alkali perrhenates during melting 
of simulated Hanford LAW glass feeds is in the order of 
KReO4 > CsReO4 > NaReO4, which is contrary to a general 
trend that the properties of alkali compounds follow the 
atomic number of alkali metals. Thermodynamic proper-
ties of some single and mixed salts of alkali perrhenates 
have been studied [11–18], but volatility data in the litera-
ture is scarce except for information about KReO4 that was 
reported by Lebedev [19]. As a first step to understand-
ing the volatile behavior of Re as alkali perrhenate dur-
ing simulated LAW glass melting, we studied the melting 
characteristics and volatilization behavior of three alkali 
perrhenates and their binary mixed salts using TG under 
both ramp heating and isothermal heating conditions.

Materials and experimental procedure

Alkali perrhenate salts of NaReO4 (Alfa Aesar; lot# 
X210B10), KReO4 (Alfa Aesar; lot# A30P09), and CsReO4 
(American Elements; lot# 1,192,026,347–401) with ≥ 99% 
purity were used. Binary salt mixtures—NaReO4–CsReO4, 
NaReO4–KReO4, and KReO4–CsReO4—were prepared at 
a 1:1 molar ratio in ~ 1 g quantity. Each salt was weighed 
to the nearest 0.1 mg and the mixtures were combined with 
an agate mortar and pestle. Aliquots of this 1 g mixture 
then were used for thermal analysis measurements. All 
mass measurements were done with a Mettler Toledo XPE 
205 Delta Range scale.

Thermogravimetry–differential scanning calorimetry 
(TG-DSC) measurements were made under both ramp 
heating and isothermal conditions for all single alkali per-
rhenate salts and binary perrhenate salt mixtures. Ramp 
heating TG-DSC measurements were taken with an STA 
499 F1 Jupiter TG-DSC manufactured by NETZSCH. 
In each experiment, an ~ 20-mg sample was placed in 
a tared platinum crucible (internal diameter: 6.5 mm, 
height: 4 mm). The sample then was heated from 50 to 
1200–1250 °C at a heating rate of 10 °C min−1 under argon 
flowing at 50 mL min−1. Isothermal TG measurements 
were carried out using a TA Instruments SDT Q600. An 
Alumina Calibration Weights Set manufactured by TA 
Instrument was used to calibrate the weight measure-
ments of the TG. An ~ 20-mg sample was placed in tared 
alumina crucibles (internal diameter, 5.43 mm; height, 
4 mm), ramp heated from room temperature to 300 °C at 
10 °C min−1 and held at 300 °C for ~ 5 min to evaporate 
the moisture that might have been absorbed during storage. 
The sample was then ramp heated at 25 °C min−1 to each 
targeted temperature that ranged from 700 to 975 °C under 
ambient air flowing at 50 mL min−1. The furnace tempera-
ture for both instruments was calibrated using the onset 
melt temperatures of high-purity metals (i.e., indium, tin, 
zinc, aluminum, and gold).

Results and discussion

Ramp heating

Figures 1 and 2 show the results of TG mass loss (red), 
differential TG (DTG) mass loss rate (blue), and DSC 
heat flow (black) as a function of temperature for pure 
alkali perrhenate salts of NaReO4 (1a), KReO4 (1b), and 
CsReO4 (1c) and binary salts of NaReO4-KReO4 (2a), 
NaReO4-CsReO4 (2b), and KReO4-CsReO4 (2c). Table 1 
summarizes the (1) measured melting points of three alkali 
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Fig. 1   TG (red), DTG (blue), 
and DSC (black) results of 
alkali perrhenates
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Fig. 2   TG, DTG and DSC 
results of binary alkali perrhen-
ates mixtures
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perrhenates determined by DSC compared with melting 
points reported in the literature [20, 21] and (2) mass loss 
onset temperature for all samples determined from DTG. 
The melting points show good agreement with published 
values for pure alkali perrhenates. Melting point data were 
not available in the literature for binary perrhenates.

As shown in Fig.  1a and Table  1, the melting point 
increases and approximate mass loss onset temperature 
(vaporization temperature) decreases as the atomic number 
of alkali metals increases. For CsReO4 the melting point 
closely matches the vaporization temperature, suggesting 
that vaporization starts as soon as it melts. The melting point 
and vaporization temperature of binary salts should be equal 
to or lower than that of a salt with a lower melting point or 
vaporization temperature of the two salts. Table 1 shows that 
the melting points of NaReO4-KReO4 and KReO4-CsReO4 
match that of NaReO4 and KReO4, respectively. However, 
the melting point of NaReO4-CsReO4 is considerably lower 
than that of NaReO4, suggesting a eutectic type reaction 
between these two salts. The vaporization temperature of 
two binary salts—NaReO4–KReO4 and KReO4–CsReO4—
agree well with that of a salt with the lower of two salts. 
However, the NaReO4-CsReO4 system had a slightly lower 
onset temperature than that of CsReO4, which is likely 
related to the effect of the above-proposed eutectic forma-
tion in the NaReO4-CsReO4 system on the evaporation 
onset temperature. As shown in Fig. 2, the DSC peaks at 
the melting point of binary salts are sharp as with all single 
salts except NaReO4–KReO4 that showed a slightly wid-
ened peak, which may suggest a relatively slow melting of 
KReO4 solid into liquid NaReO4. Table 1 also shows that 
the vaporization temperature is always higher than 600 °C, 
which agrees with the observation that no noticeable vola-
tilization of Re occurred below 600 °C during tests with two 
fully simulated Hanford LAW feeds [8, 22].

Figure 3 compares the TG curves of three single perrhen-
ate salts and three mixed salts. The differences of estimated 
mass loss onset temperatures given in Table 1 are 60 °C 
for NaReO4 vs. KReO4 and 20 °C for KReO4 vs. CsReO4. 
However, as shown in Fig. 3, the temperature differences 

increased with temperature reaching 90 and 45 °C, respec-
tively, at ~ 90% mass% (10% evaporation), and these differ-
ences were roughly maintained until 100% evaporation. For 
these three salts, major volatility occurs at lower tempera-
tures as atomic number increases although melting happens 
at higher temperatures.

Figure 3 also shows that the TG curves of mixed salts 
lie in between the corresponding curves of single salts, as 
expected, although not always midway between the two. To 
examine the correlation between the individual salts and 
their binary form for volatility, we used the following sim-
ple equation to calculate the mass loss curve expected if 
the individual salts in the binary mix behave independently 
without affecting each other:

where fb is the calculated mass loss fraction for the binary 
perrhenate salt, f1 and f2 are the mass loss fractions for the 
first and second perrhenate salts, respectively, determined 
by TG, and w1 is the starting mass fraction of the first 

(1)f
b
= f

1
w
1
+ f

2
(1 − w

1
)

Table 1   Melting point and mass 
loss onset temperature of single 
and binary alkali perrhenate 
salts

NA: not available

Salt Melting point, °C Approximate mass 
loss onset tempera-
ture, °CThis study Smith [20] Lukas [21]

NaReO4 420 414 420 720
KReO4 555 555 555 660
CsReO4 620 616 620 640
NaReO4–KReO4 415 NA NA 660
NaReO4–CsReO4 385 NA NA 625
KReO4–CsReO4 555 NA NA 640
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perrhenate salt in the binary perrhenate salt mix. Figure 4 
shows overlaid TG curves of two single salts compared with 
that for their binary mixed salts for the three binary systems. 
For each plot in Fig. 4, the calculated mass loss fraction 
(dashed line) according to Eq. (1) is compared with those 
of measured for binary and single salts.

Figure  4 shows that the measured mass loss curves 
slightly fall behind or match the calculated curves until 
roughly the completion of mass loss for the single perrhenate 
that volatilizes at lower temperatures, for example, KReO4 in 
the NaReO4-KReO4 system. In other words, the presence of 
less-volatile NaReO4 may slow, although not significantly, 
the volatilization of more-volatile KReO4. However, after 
this point, the measured curves deviate significantly from 
the calculated curves leading to accelerated mass loss of 
less-volatile NaReO4 when compared to the volatilization 
of single NaReO4, which suggests a potential interaction 
between the two perrhenates. As shown in Fig. 4, unlike the 
calculated mass loss curves of binary salts, the measured 
curves behave similarly to single salts without showing an 
inflection point, which may suggest the formation and vola-
tilization of double perrhenate, for example, NaK(ReO4)2 in 
NaReO4-KReO4 system.

Isothermal heating

Figure 5 shows the results of isothermal TG for NaReO4. As 
shown in the figure, the mass loss rate becomes linear after a 
short initial period when the rate accelerates and before tail-
ing off toward the end of the test when only a small droplet 
is likely remaining. The other two alkali perrhenates also 
exhibited similar linear behavior (plots are not included). 
The linear periods of the test results were used to calculate 
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the dm
dt

 using a surface area of 2.3 × 10−5 m2 (5.43 mm ID). 
Table 2 summarizes the resulting mass loss data for the three 
alkali perrhenates.

We also performed isothermal TG runs for the three 
binary salts, and the results for the NaReO4-CsReO4 system 
as a function of temperature are shown in Fig. 6 as an exam-
ple. The curves in the figure indicate that the salt mix does 
not volatilize monotonously as if one component, that is, the 
mass loss rate changes with time unlike single perrhenate 
salts shown in Fig. 5. This is likely because the composi-
tion of vaporizing salt changes with time as vaporization 
progresses. Figure 7 shows the results of isothermal TG at 
825 °C for NaReO4 and CsReO4 and their binary mix. The 
binary salt behaves similarly to that observed from ramp 
heating tests shown in Fig. 4b. However, unfortunately, the 
apparent salt composition changes with time and the poten-
tial formation of double perrhenate precluded using them 
to estimate the vapor pressure of the alkali perrhenates dis-
cussed below.

Knudsen-cell effusion mass spectroscopy has been used 
in thermochemical studies of vaporization of some single 
and mixed perrhenates [11–18]. Price and coworkers [23, 
24] showed that it is possible to use TG to measure vapor 
pressure of materials under ambient pressure conditions, 
using Eq. (2) adopted from the Langmuir equation [25] that 
relates the rate of free evaporation from the open surface to 
vapor pressure in a vacuum.

where dm1

dt
 is the rate of mass loss per unit area of vapor 1 

(kg m−2 s−1), P1 is the vapor pressure of the vapor 1 (Pa), α 
is the vaporization coefficient, M1 is the molecular mass of 
the vapor 1 (kg mol−1), R is the gas constant (J mol−1 K−1), 
and T is the temperature (K).

(2)−
dm

1

dt
= P

1
�

√

M
1

2�RT

However, Eq. (2) does not consider the kinetics of vapor 
diffusion through sample tube to the top where the vapor 
is swept away by a carrier gas [26–29]. The two major 
parameters that need to be considered include the diffusion 
coefficient and height of sample tube above the surface 
of molten sample (diffusion pass length). In the present 
study the initial sample height was approximately 5% of 
the total tube height and therefore the change of diffusion 
path length during evaporation is small and negligible.

Table 2   Mass loss rate ( dm
dt

 , kg  m−2  s−1) of alkali perrhenates from 
isothermal TG

NM not measured

Temperature/°C NaReO4 KReO4 CsReO4

700 NM NM 2.29E-04
725 NM NM 4.38E-04
750 NM 3.21E-04 6.62E-04
775 NM 4.72E-04 1.00E-03
800 NM 5.72E-04 1.37E-03
825 2.75E-04 9.42E-04 1.89E-03
850 3.93E-04 1.54E-03 2.64E-03
900 9.07E-04 2.13E-03 NM
950 1.71E-03 NM NM
975 2.34E-03 NM NM
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Among the equations that describe the vaporization mass 
loss rate during diffusion-controlled evaporation [26–29], 
we adopted the equation derived by Pieterse and Focke [27]:

where z is the diffusion path length (m) and D12 is the diffu-
sion coefficient (m2s−1) of vapor 1 in vapor 2 (air in the pre-
sent study). Equation (3) is chosen because the assumptions 
used to derive this equation were close to the conditions 
used in the present study. We also applied the equation for 
diffusion coefficient by Vlasov [29]:

where C is a constant, Pt is the total pressure (atm), 
�
12

=
(

�
1
+ �

2

)

∕2 where σ1 and σ1 are the collision diam-
eter of (nm) of vapors 1 and 2, and Ω∗(T∗) is the reduced 
collision integral that is calculated from the empirical equa-
tion for a given T* [29]. The T* is given as T* = kT/ε12 where 
�
12

=
√

�
1
�
2
 , ε1/k and ε2/k are the parameters of the Len-

nard–Jones potential for molecules of vapors 1 and 2, and k 
is a Boltzmann constant (J/K). The ε/k value for each vapor 
can be obtained from the relation ε/k = 1.92Tm, proposed by 
Wilke and Lee 1955 [30], where Tm is the melting point of 
each vapor specie (given in Table 1 for alkali perrhenates 
in this study and 58 K for air). Other researchers [31–33] 
proposed similar equations with differences in the constant 
C value (0.2628 for Vlasov 2020 [29]) and how the term 
Ω∗(T∗) is calculated.

Unfortunately, the data on σ1 and σ2 are not avail-
able for alkali perrhenates, therefore, it is not possible to 
directly calculate the vapor pressure from the mass loss 
data using Eqs. (3) and (4). Given the lack of informa-
tion and considering that the primary interest in this study 
is the relative differences in the vapor pressure between 
the three alkali perrhenate, we used published vapor 
pressure data for KReO4 by Lebedev 1962 [19], log[P, 
Torr] = 14,188/T + 13.282 (740–1000 °C), to fit the σ12 
as a function of temperature. The fit results for the tem-
peratures between 750 and 900 °C, where the mass loss 
was measured for KReO4, were extrapolated to the tem-
peratures the mass loss data are available for NaReO4 and 
CsReO4. It is noted that this exercise is valid only when 
the collision diameter (σ1) is not grossly different between 
the three alkali perrhenates. Figure 8 shows the plots for 
the three salts with KReO4 compared to that from Lebedev 
[19]. As shown in Fig. 8, the vapor pressure of perrhenate 
is in the order of CsReO4 > KReO4 > NaReO4 for the tem-
perature range of interest discussed in Jin et al. 2015 [22].

(3)
dm

1

dt
=

(

M
1

zRT

)

P
1
D

12

(4)D
12

=
C

Pt�
2

12
Ω∗(T∗)

√

T3

2

(

1

M
1

+
1

M
2

)

Summary and conclusions

Both the temperature ranges of evaporation determined by 
TG under ramp heating conditions and the vapor pressure 
estimated from isothermal TG support that the order of vola-
tility of alkali perrhenates is CsReO4 > KReO4 > NaReO4. 
This result agrees with the generally observed trend that 
the properties of alkali compounds follow the atomic num-
ber of alkali metals; that is, the unusual result observed 
from Hanford LAW glass feeds, the volatility order of 
KReO4 > CsReO4 > NaReO4 discussed in Kim and Kruger 
[7], was not observed in the perrhenate salt systems used 
in our study. However, the volatility of the perrhenates is 
likely dependent on the composition of salt in which the 
perrhenates are dissolved. For Hanford LAW glass feeds, the 
primary salt that forms during early-stage melting is sodium 
nitrate/nitrite, although Jin et al. [22] proposed that the alkali 
perrhenate(s) are more preferentially associated with the 
minor sulfate-rich salt. We plan to investigate the effect of 
the solvent salt on the volatility of KReO4 and CsReO4 in 
a future study.
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