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ABSTRACT: Methane pyrolysis transforms CH, into hydrogen and solid carbon without a CO,
byproduct. Using a high-temperature liquid catalyst in a bubble column reactor, deactivation from
coking is avoided and the solid carbon removed. As an element with high electron affinity, liquid
tellurium is an active methane pyrolysis catalyst with an apparent activation energy of 166 kJ/mol.
At the reaction temperature of approximately 1000 °C, Te has a high vapor pressure and the vapor
is also found to be a catalyst with an apparent activation energy of 178 kJ/mol. Contrary to results
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obtained for other molten alloy catalysts, dissolving Ni in molten tellurium lowers the pyrolysis
activity. Quantum mechanical calculations were performed with accurate methods for the gas-phase reaction, and with ab initio,
constant-temperature, molecular dynamics (MD) simulations with energies computed using density functional theory for the liquid

phase.
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1. INTRODUCTION

Hydrogen is an important commodity chemical, used for
ammonia and methanol production, for oil refining and for
many hydrogenation reactions. It has long been imagined that
clean-burning hydrogen might become an important fuel in the
future. Unfortunately, most hydrogen is manufactured by the
reforming of natural gas with steam, a process that produces
approximately SO million tons of hydrogen per year and
generates 300 million tons of CO, as an unavoidable
byproduct.

It is possible to produce hydrogen without CO, using
methane pyrolysis, CH, = C + 2H,. Some of the hydrogen
produced by the pyrolysis reaction can be used to provide heat
to the process, thus potentially avoiding all CO, cogeneration.
The solid carbon coproduct is readily and safely stored far
easier and cheaper than capturing and storing gaseous CO,.

Gas-phase pyrolysis of natural gas is currently used only to
produce high-quality carbon black; the low-pressure hydrogen
generated is used as fuel. A gas-phase process for hydrogen
production by methane pyrolysis is not economically feasible
because the reaction is slow at commercially accessible
temperatures' > and practical aspects of carbon removal are
challenging. Much work has been devoted to the search for
conventional solid, heterogeneous catalysts for pyrolysis.””*
Unfortunately, the carbon produced by the reaction poisons
the catalyst, which is regenerated by burning the carbon, which
produces CO,.

A strategy for avoiding the detrimental effects of carbon
production uses a liquid media in a bubble column
reactor.””'? The pyrolysis reaction takes place inside the
bubbles rising through the liquid column. The carbon is
formed in the bubbles and can be transported to the surface of
the liquid by flotation. If the liquid serves as a catalyst, when
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introduced into the reactor, each bubble is in contact with a
clean liquid catalyst, and the coking of the catalyst is no longer
a problem. Liquid catalysts are not poisoned by impurities and
do not coarsen.

Because the pyrolysis reaction is carried out at a high
temperature, the molten catalysts used so far have been pure
metals, metal alloys, molten salts, or mixtures of molten salts.
The following molten metals have been suggested or studied
experimentally: Al or an AlNi alloy,” Sn,>"' ™" Pb,'" and Mg."*
Upham et al."> showed that high methane conversion with
high hydrogen selectivity is possible using a variety of molten
metal alloy catalysts in a bubble column reactor. Kang et al.'®
showed that a molten mixture of MnCl, with KCl is also an
excellent catalyst and that alkali halide salts have poor
performance.

Despite considerable research on methane activation, the
scope of catalysts studied has been limited to several elements
and compounds already known to be active, and the
development of new catalysts is still largely based on trial
and error, due to the lack of a clear correlation between the
intrinsic properties of catalysts and their methane-activation
activity. However, there have been reports of a positive
correlation between the electron affinity (or equivalent) of
catalysts and their catalytic activity for methane.'>'"~*°
Tellurium is a metalloid with the highest electron affinity”'
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Figure 1. Left: the reactor used to study the reactivity of Te vapor. Right: the reactor used to study the reactivity of Te liquid and vapor. Middle:
the conversion in each reactor as a function of the Ar flow rate. The reaction temperature was 1173 K. The CH, flow rate was 36 sccm, and the Ar
flow rate was varied from 2 to 18 sccm (residence time in the 17 cm?® reactor varied from 6.2 to 4.4 s). In control experiments without Te, no CH,

conversion was detected at 1173 K under the same gas flow rate.

and electronegativity’” among the common low-melting-point
elemental solids and therefore might be active. Tellurium has
been shown to be a dehydrogenation catalyst for several
polynuclear hydrocarbons,”~*° but to our knowledge, it has
not been studied as a catalyst for C—H bond activation in
methane or CH, pyrolysis.

In this work, we present experimental and computational
results regarding the catalytic activity of Te for CH, pyrolysis,
in the temperature range of 1000—1273 K. We have found the
following unexpected features. (1) Te is an active liquid
catalyst for methane pyrolysis. This is rather surprising because
we could find no prior example in which Te catalyzes a light
alkane reaction. (2) Te vapor is a pyrolysis catalyst. We are not
aware of any other gas-phase catalyst for methane activation.
(3) Previous work on molten metal alloys was based on the
idea of using an easy-to-melt metal (e.g., Ga, In, Pb, Sn, Bi) as
a solvent for a catalytically active metal (e.g., Ni, Pt, Cu). In all
cases studied so far, the addition of the active metal
substantially increased the activity of the “solvent”; for
example, Bi is a poor pyrolysis catalyst while Ni/Bi*® and
Cu/Bi’" alloys are among the best catalysts found so far.
Surprisingly, the addition of Ni to Te significantly decreased
the catalytic activity of the melt.

2. EXPERIMENTAL RESULTS

2.1. Materials. Tellurium powder (99.8% trace metal basis)
was purchased from Fisher Scientific. Nickel powder (99.99%
trace metal basis), bismuth shot (99.9% trace metal basis), and
sodium chloride (>99%, Redi-Dri, anhydrous, ACS reagent)
were purchased from Sigma-Aldrich. Gases (methane, argon,
hydrogen) with ultrahigh purity (99.99%) were purchased
from Airgas.

2.2. Catalysis by the Vapor. At a reaction temperature of
1223 K, Te has a vapor pressure of 532 Torr and a methane
bubble ascending through the liquid tellurium column contains
Te vapor. In addition, there is tellurium vapor in the headspace
of the bubble column. It is therefore necessary to determine
whether the Te vapor is a gas-phase, homogeneous catalyst for
methane pyrolysis.

To determine whether Te vapor is catalytically active, the
two-vessel reactor shown in Figure 1 was used to perform two
kinds of experiments. In one experiment Ar was passed into the
reactor arm in which Te liquid was located and methane was
introduced into the other arm (see the picture at the left in
Figure 1). There was only one exit port for gas (right reactor
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arm in this case). The Ar entrained Te vapor into the right arm
where methane was introduced. Under these conditions,
methane reacted only with Te vapor. In separate experiments,
Ar was introduced through the right arm of the reactor and the
methane was introduced in the left arm, where the gas exit port
and molten Te were located. In that experiment, methane
reacts with both Te liquid and Te vapor.

The plot in the middle of Figure 1 shows methane
conversion as a function of flow rate. Methane conversion
was similar in both reactor configurations, and there was no
detectable conversion in the control experiment in which no
Te was loaded. The experiment shows that both the Te vapor
and the liquid are methane pyrolysis catalysts.

Another argument that supports that at least a fraction of the
methane reactions is taking place in the gas phase is that the
reaction rate is the collision rate times the probability that the
collision results in a reaction. From the known bubble surface
area, the collision rate with the surface of the bubbles was
calculated (see below). If only surface reactions were
occurring, this would require the reaction probability to be
greater than one. This indicates that the measured rate
contains a term that is not due to the collisions with the
surface; therefore, the reaction must take place in the gas phase
inside the bubble.

2.3. Kinetic Measurements in a Bubble Column
Reactor. The activity of several melts was measured by
bubbling methane in a quartz tubular reactor containing
molten liquid. In a typical experiment, 7 sccm CH, and 3 sccm
Ar were premixed and bubbled through a 7 cm column of
molten liquid, at various temperatures, in a quartz tube reactor
with a 1.2 cm inner diameter. The initial diameter of the
bubbles was approximately S mm. From measuring the rise
velocity, we calculated a bubble residence times in the liquid of
approximately 0.5 s. The composition of the effluent gas was
analyzed with an SRS RGA 200 mass spectrometer. The
temperature was varied between 1173 and 1253 K. The
temperature dependence of methane conversion under these
conditions is shown in Figure 2 for molten NaCl, Te,
NijsTeys, and Nig,,Tej ;. For comparison, we also show the
performance of molten Nij,,Biy-;, which is the most active
molten metal found prior to this work."> All tellurium-
containing melts studied so far are more active than Nij ,,Biy /3.

Prior work'® has shown that easy-to-melt metals, such as In,
Bi, Sn, Ga, and Pb, are poor catalysts. Dissolving Cu, Ni, or Pt
in molten In, Bi, Sn, Ga, or Pb increased substantially the
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Figure 2. CH, conversions in 7 cm bubble column reactors. The
partial pressure of CH, was 0.7 atm, the bubble diameter was ~5 mm,
and the residence time was approximately 0.5 s.

catalytic activity and led to the suggestion that In, Bi, Sn, Ga,
and Pb are, more or less, inert solvents and Cu, Ni, and Pt are
active components. We expected that a similar increase might
be obtained by dissolving Ni in Te. Surprisingly, we found that
tellurium activity decreases upon the addition of Ni to the melt
(see Figure 2). The specific origin of the decreased activity
may arise from a lower surface concentration of Te accessible
to the gas-phase methane, specific electronic interactions
between Te and Ni, and/or the decreased concentrations of
gas-phase Te present in the bubble.

2.4. Kinetic Modeling. After being filled with a mixture of
methane and Ar carrier gas, the bubble travels upwards
through the molten Te column. It is difficult to build a detailed
kinetic model for pyrolysis in the high-temperature bubble
column because several processes occur concomitantly. (1)
Tellurium evaporates and produces Te vapor inside the
bubble. (2) As the pyrolysis reaction proceeds, there is the
time-dependent formation of solid carbon, which adheres to
the wall of the bubble blocking some of the bubble surface
areas. From the carbon balance, we know that sufficient carbon
is formed to produce multilayers. (3) The process is further
complicated by the fact that carbon is a pyrolysis catalyst. The
catalytic activity of carbon is substantially lower than that of
tellurium, but it would be incorrect to think of carbon as a
mere surface blocker. (4) As the reaction proceeds and the
total number of moles of gas increases (2 mol of H, are
produced per mole of CH, consumed), the volume of the
bubble increases. (S) There is likely some (unknown)
solubility of hydrogen in the liquid tellurium, and there is no
information regarding the rate of this process.

Despite the complexities of the reacting system, useful
information for comparisons of different catalysts can be
obtained from apparent activation energies and effective first-
order rate constants obtained in a differential reactor
configuration. An assumption that the reaction kinetics can
be defined by a first-order rate constant is consistent with the
widely accepted assumption that breaking the C—H bond is
the rate-limiting step. In the present context, the measurements
tell us that regardless of the mechanism, the bubble column is
more efficient than the vapor alone and that in a bubble most
of the catalytic activity is due to the liquid surface.

For a differential bubble column reactor operating at very
low methane conversion X, the apparent rate constant kis

reaction rate dX conversion
~

k I ——— ~ Cesidence time
apparent [CH,] dt residence time (1)

where the reaction rate is measured in mol/m3/s and the
methane concentration, [CH,], changes minimally over the

residence time, 7, which is the rise time of the bubble in the
reactor. For the reaction in the vapor phase in the differential
two-vessel reactor, the apparent second-order rate constant in
the differential reactor is

reaction rate conversion

[CH,][Te]

k =
apparent residence time X [Te]

)
where the tellurium concentration is proportional to the partial
pressure of the tellurium vapor. In general, the reaction rate of
a catalytic process is proportional to the number of active sites;
here, the number of active sites is proportional to the partial
pressure of Te and the vapor pressure is temperature-
dependent.*

In Figure 3, we plot the log of conversion/residence time
versus 10*/RT for both bubble column and two-vessel reactor,

)
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Figure 3. Plot of In versus % for the reaction with the Te

residence time
vapor catalyst (blue squares) and in the bubble column containing
molten Te (red circles). Data were obtained in a differential reactor
with a residence time of approximately 5 s for a two-vessel reactor and
0.5 s for a bubble column. R is the ideal gas constant and T is the
temperature.

where R is the ideal gas constant and T is the temperature. For
bubble columns, this is the same as an Arrhenius plot if we
assume that the major catalyst is liquid Te and the
contribution from Te vapor is negligible. For the two-vessel
reactor, where the major contribution comes from Te vapor, it
is not an Arrhenius plot because the amount of catalyst (Te
vapor) is temperature-dependent. This plot shows that the
reaction rate is higher in a bubble column than when using a
Te-vapor catalyst in a two-vessel reactor. The apparent
activation energies and the Arrhenius pre-exponential factors
in the effective rate constants are shown in Table 1, which
shows that the Te vapor catalyst is more active than pure gas-
phase CH, pyrolysis without a catalyst.

2.5. Catalyst Stability. Using molten and gaseous Te as
catalysts avoids two of the main disadvantages of solid catalysts
for pyrolysis: there is no loss of activity due to coking or to
coarsening. However, some deterioration is possible if feed

Table 1. Kinetic Data of CH, Pyrolysis in Different Systems
Measured Between 973 and 1253 K

composition apparent E, (kJ/mol) pre-exponential factor
Te bubble column 166 49 x 10°s7!
Nig»,Teg 3 193 1.8 X 107 s7*
NigsTegs 223 47 X 10% 7!
Nig»;Big 3 208 6.5 % 10% s~
NaCl 374 3.9 x 10" s7
no catalyst”” 423 5.1 x 10™ s7
Te vapor 178 4.4 x 10° m*/mol/s
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Figure 4. (a) Schematic representation of the reflux reactor. (b) Methane conversion (red) and H, yield (blue) of pyrolysis in the reflux reactor.

Residence time in the hot zone (900—1000 °C) is less than 12 s.
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Figure S. (a) SEM image of the carbon collected from the reflux reactor after heat treatment. The inset shows the EDS element analysis for this
carbon sample. (b) Raman spectrum of the carbon collected from the reflux reactor.

impurities build up or if any carbon residues dissolve/disperse
in the liquid and modify its composition and mechanical
properties. We investigated the stability of the Te catalyst over
a 16 h period. To prevent loss of catalyst in the vapor phase,
we used a reflux configuration (Figure 4a) containing 15 g of
Te (~5 cm column height). The reactant gas (7 sccm CH,)
and an inert gas (3 sccm argon) were introduced at the bottom
of the reactor, which was maintained at 1273 K, slightly above
the boiling point of Te (1263 K). The temperature of the
middle part of the reactor was less than 1173 K, and the
temperature at the top part of the reactor was 753 K, slightly
higher than the melting point of Te (which is 723 K). The
volume of the reactor in the hot zone (1173—1273 K) was 15
cm®. Methane conversion and hydrogen yield were stable for
16 h (Figure 4b). During this time, the conversion was 37%,
with a hydrogen yield of 70—80% (Figure 4b). Since the
reactor was run at steady state and both vaporization and
condensation of Te took place in the reactor, we do not know
the partial pressure of Te in the gas, but it should be
reasonably high due to its high vapor pressure. Based on gas
flow rate, reactor volume, and temperature, the calculated
maximum residence time of CH, is 12 s assuming low Te
vapor pressure, but the actual residence time should be shorter.

Although no C,—C; compounds were detected during the
stability test, small amounts of relatively stable aromatics and
polycyclic aromatics, including benzene, toluene, naphthalene,
anthracene, pyrene, and other compounds, were detected. This
suggests that after the C—H bond in methane is broken,
polycyclic aromatic hydrocarbons are formed. Because of this,
the hydrogen yield is less than 100%. It is known”"* " that the
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rate of dehydrogenation of polyaromatics is higher than that of
methane dehydrogenation. Therefore, we attribute their
presence in the effluent to the very short residence time and
low conversion.

2.6. Solid Carbon Characterization. The solid carbon
generated by pyrolysis contains Te. The contamination level of
Te in carbon was dependent on where the carbon was
collected. The carbon collected in the 900—1000 °C zone
contained more than 2 atom % Te, whereas the carbon
collected in low-temperature zones where condensation of Te
took place contained even more Te. To remove Te, we baked
all collected carbon in a tube furnace at 1273 K for 10 h, in Ar.
This reduces the amount of Te in the carbon to less than 0.5
atom %. Scanning electron microscopy (SEM) (Thermo Fisher
Apreo C LoVac) and energy-dispersive X-ray spectroscopy
(EDS) were used to characterize the morphology and purity of
the carbon. Raman spectroscopy (Horiba Jobin Yvon LabRAM
Aramis) was performed using a 633 nm laser wavelength, to
characterize the extent of graphitization of the carbon. Electron
microscopy shows (Figure Sa) that the carbon has a layered
structure on the scale of 10 um, consistent with sp® carbon.
The Raman spectrum (Figure Sb) of the carbon samples
contains a clear D band and a G band, which are signatures of
sp® graphitic carbon. The broadening of the D peak and the
high-intensity ratio of D—G indicate that the carbon is
disordered.”’

3. COMPUTATIONAL RESULTS

3.1. Electronic Structure Calculations. We performed
electronic structure calculations for the reaction of methane

https://dx.doi.org/10.1021/acscatal.0c00805
ACS Catal. 2020, 10, 8223—-8230
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with gaseous and liquid tellurium. Te vapor consists mostly of
Te dimers. For examining some aspects of the reaction of a Te,
cluster with methane, we used the coupled-cluster single
double (CCSD) method.”” The structure of the molecules
involved was optimized using the second-order Moller—Plesset
perturbation theory (MP2).*> The correlation consistent-
polarized valence double zeta (cc-pvdz) basis set’® that we
used for carbon is composed of 14 functions, (9s4pld)/
[3s2pld]. Five functions (4slp)/[2slp] were used for the
hydrogen. For Te atoms, we used a correlation consistent-
polarized valence quadruple zeta basis set with a relativistic
pseudopotential (cc-pvqz-pp)°° composed of
(14s11p12d2flg) Gaussian type functions, contracted to
[6s6p4d2flg]. The calculations of Te, properties were
performed with the Gaussian computational package,’® and
the visualization was performed with MacMolPIt.>’

Ab initio, constant-temperature, molecular dynamics (MD)
simulations®®~* for liquid Te were performed with the VASP
program.”'~** The energy for the molecular dynamics
simulations was provided by density functional theory
(DFT), using a plane-wave basis set with a 350 eV energy
cutoff, a (2 X 2 X 1) Monkhorst—Pack k-point grid to sample
reciprocal space, the PBE functional,*” and D3 van der Waals
correction.”® In our simulations, we model a molten Te
(composed of 70 atoms) in the slab. Thus, liquid Te has one
vacuum—Te interface. The motion of the atoms is treated
classically, and the time steps of 1 fs are used to solve the Nosé
equations of motion. The Nosé thermostat was set to keep the
temperature around 1300 K. We used the projector
augmented-wave method*”** and included six valence
electrons for Te atoms, four electrons for carbon, and one
electron for H; the remaining electrons in the atoms were
treated with the frozen core approximation. Spin-paired (non-
spin-polarized) DFT calculations were performed for all
molecular dynamic simulations of the melt. Similar calculations
have been performed for liquid Te*~>” but none examined
methane chemistry at the liquid surface.

The mean internal energy in constant-temperature molec-
ular dynamics is given by

L ["E@d
E
t—t-[ A

0 0

(E),
©)

where E(7) is the total internal energy at time 7. Since the
system is held at a constant temperature, the total energy
fluctuates as time evolves. The simulation prior to the time ¢, is
used to equilibrate the system and is not included in the
average energy.

3.2. Methane Activation by Liquid Tellurium. It is
generally accepted that the rate-limiting step in methane
activation is the breaking of the C—H bond and that all
subsequent reaction steps have a substantially higher rate. To
calculate the activation energy of methane dissociation on
molten tellurium, we selected a configuration from a long
molecular dynamics run (at 14 ps), and we then froze 75% of
the atoms in the simulation located at the bottom of the slab
and optimized the atomic positions of the remaining 25% of
the atoms. In this way, we created a “glassy” solid whose
structure is similar to that of the liquid. We then situated the
dissociated methane species (*H and *CH,) in different sites
on the surface and minimized the energy again. Different
configurations included coordinating the absorbed fragment to
different metal atoms. The binding energy for more than 10
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different configurations on Te liquid was computed using the
equation

Ege = Egcn,+m)/1e () — Ere ) — Ech, (9)

(4)

E(scp, + #m) e 1) 18 the total energy of Te liquid with H and
CHj; adsorbed on the surface, Er, ) is the energy of the liquid
in the absence of methane, and Ecy, (4 is the energy of gas-

phase methane. Overall, the binding energy varies ~0.6 eV
based on the position of the *H and *CHj species on the
surface of tellurium liquid. Figure 6 shows schematically the
energy of several bonding configurations for CH; and H bound
to the liquid surface.

1.20
— CH; H
I |
Te Te
1.10
|
1.00
—
S 090
L
>
2 CH H
2 080 /0 / N\
w Te Te Te Te
0.70
CH; H
0.60 — | |
Te Te
0.50

Figure 6. Calculated binding energy of methane on the surface of
liquid tellurium for the five most stable configurations of *H and
*CH; adsorbed on tellurium. The structures were taken at t = 14 ps.

According to the Bronsted—Evans—Polanyi rule,” the
reaction with the lowest activation energy is likely to be the
one for which the final state has the lowest energy. In Figure 6,
this is the state in which both CH; and H are bonded to one
Te atom in the surface of the liquid. In Figure 7, we show the
lowest energy path for the reaction *CH, — *CH; + *H,
where the notation *A indicates that the species A is adsorbed
on the surface. The energy along the reaction path was
calculated with the nudged elastic band method, for a process
in which the system starts as methane adsorbed on the liquid
and dissociates to form the lowest energy configuration shown
in Figure 6. The calculated activation energy of the reaction
*CH, — *CH, + *H is 1.45 eV (139 kJ/mol). The effective
activation energy measured in the bubble column is 166 kJ/
mol (see Table 1). The activation energy at the liquid surface
depends on the surface site where the dissociation occurs.
Since we have calculated the lowest activation energy (the one
for reaching the most stable dissociated state), the calculated
value should be lower than the measured one. Considering the
error inherent in the density functional calculations and the
variety of adsorption sites, one would not expect closer
agreement.

3.3. Activation Energy for Methane Dissociation by
Gas-Phase Tellurium. Our calculations show that the lowest
energy compound formed by the reaction of Te, with methane
is CH;—Te—Te—H. The energies, entropies, and free energies
of several reactions of this compound are listed in Table 2. The
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Figure 7. (a) Reaction path for methane dissociation on the surface of
liquid Te. (b) Initial atomic configuration and the energy of methane
adsorbed on the surface of liquid Te. (c) Transition state energy and
configuration for CH, dissociation. (d) Dissociated state consisting of

adsorbed CH; and adsorbed H.

free energy favors the reaction CH;—Te—Te—H — Te—Te—H
+ oCH; with CH;—Te—Te—H — Te—CHj; + Te—H almost as
probable.

The reaction path of CH, + Te, - CH;—Te—Te—H is
shown in Figure 8. The calculated activation energy is 2.48 eV
(239 kJ/mol) while the measured effective activation energy is
178 kJ/mol. Since the method of calculation of the activation
energy is fairly accurate, the discrepancy may be attributed, in
part, to the fact that the effective activation energy might not
be exactly the activation energy of the rupture of the C—H
bond. The imaginary frequencies for the transition state are
given in Table S1, and the geometry of the transition state is
shown in Figure S1 in the Supporting Information.

Due to the known shortcomings of DFT, the calculated
activation energies are not quantitatively reliable. However, the
qualitative difference between the values of the reaction
catalyzed by the liquid and that catalyzed by the vapor is
significant. It shows that the vapor is an inferior catalyst.

4. CONCLUSIONS

As an element with high electron affinity, molten tellurium is
an active methane pyrolysis catalyst with an apparent activation
energy of 166 kJ/mol. Methane conversion of over 30% was
obtained at residence times of less than 12 s at temperatures
between 1100 and 1250 K, which is very close to the Te
boiling temperature of 1261 K. Since the vapor pressure of Te
at these temperatures is very high, experiments showed that the
vapor itself is a catalyst but substantially less efficient than the
liquid. As a liquid catalyst, Te when mixed with increasing

3.0
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S0 (0] %
g’. 15 o ®
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B o
1 /-KS&
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Figure 8. Energy along reaction paths. (a) Energy along the reaction
path for Te, (g) + CH, (g) » CH3;—Te—Te—H (g). (b) Energy
along the reaction path for CH;—Te—Te—H — Te—Te—H + oCH,.

amounts of Ni was observed to be less active, which if the
opposite of the observations made of Bi when increasing
amounts of Ni or Cu are added. Given the relatively low
activity of Te vapor, its high vapor pressure is a drawback for
practical implementation: Te vapor escaping a bubble column
reactor needs to be condensed and recovered. A possible
solution is the use of a reflux reactor; however, given the fact
that Te is rare, volatile, and expensive, it is unlikely that it will
be used in large-scale commercial applications.
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