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Abstract

Steam cracking of ethane, a non-catalytic thermochemical process, remains the dominant means of
ethylene production. The severe reaction conditions and energy expenditure involved in this process
incentivize the search for alternative reaction pathways and reactor designs which maximize ethylene
yield while minimizing cost and energy input. Herein, we report a comparison of catalytic and non-
catalytic non-oxidative dehydrogenation of ethane. We achieve ethylene yields as high as 68% with an
open tube quartz reactor without the use of a catalyst at residence times ~4s. The open tube reactor
design promotes simplicity, low cost, and negligible coke formation. Pristine quartz tubes were most
effective, since coke formation was detected when defects were introduced by scratching the surface of
the quartz. Surprisingly, the addition of solids to the quartz tube, such as quartz sand, alumina powder,
or even Pt-based intermetallic catalysts, led to lower ethylene yield. Pt alloy catalysts are effective at
lower temperatures, such as at 575 °C, but conversion is limited due to thermodynamic constraints.
When operated at industrially relevant temperatures, such as 700 °C and above, these catalysts were
not stable in our tests, causing ethylene yield to drop below that of the open tube. These results
suggest that future research on non-oxidative dehydrogenation should be directed at optimizing reactor
designs to improve the conversion of ethane to ethylene, since this approach shows promise for
decentralized production of ethylene from natural gas deposits.
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Introduction

Industrial steam cracking of ethane and naptha is the dominant means of ethylene production, yielding
over 150 million tons of ethylene per year globally. High production volume is required to meet the
growing demand for ethylene, which serves as a crucial polymer and petrochemical precursor.[1]
Although steam cracking operations are highly optimized, the process consumes significant energy (16
GJ/ton ethylene) and generates large quantities of CO, (approximately 1 ton CO,/ton ethylene).[2]
Steam cracking reactors are operated at extreme temperatures, typically between 850 — 950 °C, to raise
the equilibrium conversion of ethane to ethylene, given the high endothermicity of this reaction.[3]
Ethylene yield benchmarks are approximately 55%.[4] Co-fed steam reduces coke formation but adds
significantly to the energy required to heat reactant streams and creates a corrosive environment within
cracking reactors, lowering the lifespan of system components.[5] These severe operational conditions
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fuel interest in developing alternative means of ethylene production, with focus placed on maximizing
ethylene yield while minimizing energy input, operational costs, and capital investment. Decentralized
production of ethylene from natural gas, which contains relatively dilute ethane concentrations
(between 0 — 25%), is one potential approach. Such operations would require simplified reactor designs
and milder operating conditions without sacrificing ethylene yield.

Because steam cracking is a noncatalytic thermochemical process, catalyzed reactions have received
significant study as alternative means of ethylene production.[1] Catalyzed ethane dehydrogenation is a
viable option, which can be performed under both oxidative and non-oxidative conditions. Co-feeding
oxidizing agents, like O, or CO,, lowers reaction endothermicity through creation of oxidized byproducts,
like H,0, mitigating thermodynamic constraints and allowing appreciable alkane conversion at lower
reaction temperatures.[6-12] However, total oxidation of hydrocarbon reactants and formation of
unwanted products is highly exothermic and thermodynamically favored. Catalytic oxidative
dehydrogenation of ethane has achieved ethylene selectivity and yields better than steam cracking.[13]
However, several studies do report excellent ethylene yield at the beginning of the reaction, followed by
rapid deactivation.[6, 14, 15] A wide variety of molten salts[16, 17] and complex reducible oxide
catalysts are studied for this reaction, which are based on chromia (as used industrially in the Catofin
process),[6, 8-10, 15, 18] zirconia,[7, 14] niobia,[19-21] molybdenum,[22-25] and iron oxide
constituents.[7, 26-29] Despite the significant cost, platinum-based catalysts are often chosen to
facilitate non-oxidative dehydrogenation of ethane. Indeed, the industrial Olexflex process for
dehydrogenation of propane utilizes Pt-Sn bimetallic catalysts.[30] Other Pt bimetallics have been
investigated in the literature for ethane dehydrogenation with the general finding that alloying Pt
reduces coke formation, increases ethylene selectivity, and improves Pt dispersion.[31-36] Compared to
propane dehydrogenation, operational temperatures must be higher during ethane dehydrogenation to
overcome increased reaction endothermicity. Previous studies tested Pt intermetallic catalysts within
the temperature range of 500 — 750 °C, with varying degrees of catalyst deactivation observed.[32-37]
Thus, the thermal stability of such catalysts applied in ethane dehydrogenation reaction is of particular
concern.

The severe operational conditions involved in ethane dehydrogenation can be mitigated through novel
reactor designs. Hydrogen-permeable membranes can increase equilibrium conversion of ethane.
However, membranes add significantly to system cost,[38] and require a sweep gas,[39-41] which
complicates system operation. Metallurgical improvements have allowed steel steam cracking furnace
components to withstand higher operational temperatures, achieving high ethane conversion.[5] The
influence of temperature, alloying elements, and co-fed steam have been thoroughly investigated to
manage ethylene yield, coke formation, and reactor lifespan. Addition of nickel and niobium alloying
elements to steel cracking furnaces improved thermal stability, but these inclusions promote coke
formation and maintenance requirements.[5, 42] Accumulation of coke restricts gas flow within the
furnace and leads to carburization of steels, which structurally degrades cracking furnace components.
Alternative reactor wall materials and coatings made of alumina, silicon carbide, or quartz are proposed
as potential replacements.[5, 43] Previous work shows that thermal reactions conducted in the gas
phase are quite selective for the dehydrogenation of ethane to ethylene, because the activation barrier
for the abstraction of a hydrogen atom from ethylene (461 KJ/mol) is higher than that for abstraction of
hydrogen from ethane (410 KJ/mol).[44] On the contrary, olefins are much more reactive than alkanes
on solid surfaces, and especially on Pt based catalysts, leading to coke formation. Hence, the



contribution of thermal reactions to ethane dehydrogenation at the lower temperatures where catalytic
reactions are studied needs further investigation. Heracleous et al.[24] studied oxidative and non-
oxidative dehydrogenation of ethane in an empty tube and with a 20 wt% Mo/Al,O; catalyst. They
reported that the presence of oxygen was beneficial for ethane conversion even for the homogeneous
reaction carried out in an empty tube. A similar yield of ethylene was reported for oxidative
dehydrogenation at 700 °C for the homogeneous and the catalyzed reaction (approximately 56% with a
2% ethane feed). For the non-oxidative dehydrogenation, they reported significant coke formation with
a H,/C,H, ratio greater than 1 for the empty tube. On the other hand, Xu et al.[45] reported excellent
selectivity to ethylene in an empty quartz tube reactor at 700 °C. Some of these differences in coke
formation and selectivity may be a result of the reactor wall composition and the influence of the solid
phase (catalyst or catalyst support). Thus, a comparative study which varies reactor materials and
design, operated with and without a catalyst, is needed.

Here, we compare the catalyzed and non-catalyzed non-oxidative dehydrogenation of ethane. We
explored various reactor configurations, including open tube, annular, and packed bed reactors. Reactor
tube materials studied were quartz, alumina, and stainless-steel. Packed beds of state-of-the-art Pt-
based catalysts, as well as inert materials, were also studied. We demonstrate that an open tube
reactor design can convert ethane to ethylene with high yields without addition of a catalyst or co-fed
steam or H,, meeting or exceeding benchmarks from steam cracking. Using a feed consisting of 2.5 -
25% ethane in nitrogen (consistent with ethane concentrations in natural gas deposits), we achieve a
yield of 68% at a maximum reactor temperature near 750 °C. Careful preparation of reactor walls allows
for negligible coke formation. Without the use of a catalyst or concern for coke formation, the open
tube reactor demonstrates stable performance without any deactivation or the need for regeneration.
The quartz tube reactor is not prone to carburization, which degrades conventional cracking furnace
components. We find that Pt-based catalysts are effective at low temperatures, such as 600 °C.
However, the performance of these catalysts deteriorates when operated at temperatures of 700 °C and
higher. The simplicity of the open tube quartz reactor suggests that further research on novel designs
that quench the products and allow better heat integration might provide an alternative to the capital-
intensive steam cracking process for distributed manufacturing of ethylene from shale gas.

Materials and Methods

Multiple reactor configurations were tested to evaluate ethane dehydrogenation reactivity, including
open-tube, annular, and packed beds containing catalysts as well as inert materials. Inert materials
were tested to determine any beneficial effects in terms of initiating thermochemically-induced free
radical reactions and low activity for ethylene hydrogenation or undesired coke formation at high
temperatures, which may lower the yield. The reactor tubes were made of fused silica quartz (4 mm ID
and 6 mm OD, Technical Glass Products, Inc.), 316L stainless-steel (3.5 mm ID and 6.35 mm OD,
Swagelok), and alumina (4.75 mm ID and 6.35 mm OD with 99.5% purity, SentroTech). An Inconel wire
and quartz rods were fitted within the quartz tube to create annular reactor configurations. PtSn,/Al,O;
(nominal 0.5 wt% Pt) was obtained from a toll manufacturer (Riogen), while a PtMn,/SiO, catalyst
(nominal 2 wt% Pt) was synthesized in-house using the method described by Wu et al[37] through
sequential incipient wetness impregnation of pH-adjusted aqueous solutions of manganese (ll) nitrate
tetrahydrate (Alfa Aesar) and tetraamine platinum (1) nitrate (99.995% trace metals basis, Aldrich) onto



Davisil silica gel (200 — 425 mesh size, grade 643, Aldrich). The sample was dried under ambient
conditions, calcined at 550 °C, and then reduced for 30 minutes at 550 °C in a 50 ml/min flow of 10%
hydrogen, balance nitrogen. The two platinum-containing catalysts are labeled as “PtMn” and “PtSn,”
respectively, in the results section. Packed beds of 20 mg of catalyst were loaded upstream of a quartz
wool plug situated in the hottest region of the reactor. Inert materials were loaded in the same fashion
but were placed both in the hottest region of the reactor and downstream of the heated region during
separate tests. “Downstream” or “DS” is added to results to signify this latter sample location where
applicable.

The catalysts were characterized via x-ray diffraction (XRD), x-ray fluorescence (XRF), Brunauer Emmett
Teller (BET) surface area analysis, and transmission electron microscopy (TEM). XRD analysis
determined the crystalline phases present within Pt-based catalysts and was conducted with a Bruker
D2 Phaser operating in Bragg-Brentano geometry. XRF elemental composition measurements were
taken with an Orbis Micro-XRF using a 30 um spot size, 20 kV voltage, and 800 pamp current. Surface
area measurements were taken with a Micromeritics Gemini 2360 Surface Area Analyzer. Samples were
outgassed overnight at 120 °C in flowing nitrogen prior to analysis. A JEOL JEM 2010 F field emission
microscope was used for TEM imaging.

Reactors were fitted within a vertically mounted clam-shell furnace with a heated chamber 10 inches in
length. During reactions, feed gas was directed downward through the reactor. Temperature was
measured with a K-type thermocouple built into the furnace, which was external to the reactor tubes.
This external temperature was related to the temperature within the reactor tubes by feeding a K-type
thermocouple into the open reactor tubes in one-inch increments under flowing nitrogen to gather
temperature profiles prior to ethane reaction. Temperature profiles were used to calculate kinetically
averaged residence times for ethane reactant within the open-tube quartz, alumina, and stainless-steel
reactors, as is explained in the supporting information. Dehydrogenation of ethane was performed with
feed gas compositions of 2.5, 5, 10, and 25% ethane in nitrogen with a total flow of 20 ml/min with
furnace temperatures set from 575 — 700 °C in increments of 25 °C and pressure of approximately 0.8
atm (atmospheric pressure in Alouquerque, NM). Effluent gas composition was measured with a Varian
CP3800 gas chromatograph equipped with a flame ionization detector (FID) and an Agilent 490 micro GC
equipped with a thermal conductivity detector (TCD). Ethane conversion, ethylene selectivity, and
ethylene yield were calculated as follows:

e _ (CZH6 in)/NZ in — (C2H6out)/N2 out
ethane (C2Hg in) /N2 in

S _ C2H4 out/NZ out
ethylene = (CoHem) /N2 in — (C2He oue) /N2 our

* 100%

* 100%

Yethylene = Xethane * Sethylene

Area counts generated from the GC FID signal were used to determine ethane and ethylene
concentrations entering and exiting the reactors, since these counts are proportional to the
concentration of those gaseous species. The nitrogen concentration in the gas flowing in and out of
reactor (measured via TCD) was used as an internal standard to correct for the change in total moles of
gas that is a result of the dehydrogenation reaction. Since the molar flow rate of N, through the reactor
remains unchanged, the N, counts cancel out of this equation providing a correction for the change in



volume due to reaction. Similarly, the total GC FID area of the detected hydrocarbons allows us to
generate a carbon balance as explained in the supporting information. In these experiments, formation
of coke was observed only in a few cases, generally when a catalyst was used. Coke formation was
measured via several methods. Carbon analysis was conducted on spent Pt catalysts to quantify coke
formation using a Costech ECS 4010 Elemental Analyzer. Recovered samples were combusted at 980 °C.
Carbon dioxide produced was separated via gas chromatography and detected using a ThermoFisher
Scientific Delta V Plus mass spectrometer. Following an isothermal reaction at a furnace temperature of
700 °C for 4 hours in 5% ethane, the quartz tube with and without addition of quartz wool and PtMn,-
SiO, and PtSn,-Al,O; catalysts was also visually inspected for coke deposits.

Results and Discussion

We first conducted physical characterization of the solids whose reactivity for ethane dehydrogenation
was compared to that of an open tube reactor. As measured by XRF, Pt content in PtSn and PtMn
catalysts was 0.4 and 1.8 wt%, respectively, which is near the nominal loadings of 0.5 and 2 wt%. Ceria-
zirconia contained 6.9 at% zirconium dopant. Composition and surface area for select samples are listed
in Table S1. TEM images of Pt-containing catalysts show metallic particles several nanometers in
diameter (Figure S1). Crystalline phases of ceria-zirconia, alumina, and quartz powders were confirmed
via XRD analysis (Figure S2). Prior to running reactions with these materials, we measured temperature
profiles in the quartz, alumina, and stainless-steel reactors while flowing nitrogen through each. The
temperatures within each reactor were measured in 1 —inch segments along the 10 — inch heated
region of the reactor and were referenced to a thermocouple built into the furnace but external to the
reactor. These profiles, which are shown in Figure S3, show that the actual temperatures within the
open tube reactors were, at highest, approximately 50 °C greater than the temperature recorded by the
furnace thermocouple. For simplicity, data listed in this section are presented as a function of the built-
in furnace thermocouple temperature.

Ethane dehydrogenation was conducted first using open-tube reactors with 5% ethane feed in nitrogen,
20 ml/min total flow. Results, shown in Figure 1a, demonstrate that ethylene yield is influenced by the
reactor tube material and that the quartz tube provides the highest yield. Ethane conversion and
ethylene selectivity values for the three reactor tubes at the highest tested temperature are shown in
Figure 1b. Among the three open tube reactors, selectivity to ethylene at the 700 °C operating
temperature is relatively similar near 90%, which suggests that the same reaction pathway exists in
each. In the absence of a catalyst, reaction within the open tubes is presumed to initiate via thermally-
generated methyl free radicals.[24] Ethane conversion, on the other hand, is lower when using the
stainless-steel and alumina tubes, leading to the lower ethylene yield. The maximum temperature
within each reactor was similar, particularly at the highest set furnace temperature of 700 °C, but there
were differences in the temperature profile, with a faster fall off in temperature toward each end of the
heated region, Since the reactor inner diameters were not identical, it can result in differing residence
time for the gas molecules. Thus, a careful analysis of the residence time was performed by considering
the variation in temperature along the axial direction. Table S2 shows the polynomial fits to the
observed temperature profiles in the three different reactor tubes. We calculated the residence time (1)
considering this variation in temperature in the axial direction, assuming uniform radial temperature
profiles. We also calculated kinetically averaged residence times (t¢a) based on the work of Fagley.[46]



As explained in the supporting information, we used the term exp(-E./RT) as a weighting factor
normalized to the average temperature in each reactor which is listed in Table $3. The computed
residence times at each operating temperature are listed in Table S4. Examination of residence times at
the highest operating temperature of 700 °C (Table 1) suggests that the overall conversion does not
directly depend on the residence time, and the tube with the longest residence time does not achieve
the highest conversion. This is also true for all other operating temperatures where the reactor
operates further from equilibrium. This is because the low flow rate and natural convection in the
vertical tube, leads to back mixing. This complex flow pattern implies that the calculated residence time
based on plug flow is only an approximation. We therefore suggest that the different performance of
the three tubes may be ascribed to differences in surface temperature of the reactor wall, since the
reactions are likely initiated in the gas phase in contact with the tube wall. As seen from the measured
temperature profiles (Figure S3), the alumina and stainless-steel tubes show a more rapid fall off in
temperature towards the end of the heated zone, while the quartz tube shows a higher temperature,
likely due to differences in thermal conductivity. A complete explanation of the different performance
of these tubes will therefore require a CFD model coupled with gas phase kinetics.

Table 1. Computed residence times and conversion at an operating temperature of 700 °C

Reactor tube ID (mm) OD (mm) T(8) Tka (5) Xethane @t 700
°C (%)
Alumina 4.50 6.35 4.02 3.57 68.7
Quartz 4.00 6.00 3.07 2.82 74.5
Quartz (rod) | 4.00 (2.00)* 6.00 2.30 2.12 75.1
SS 3.50 6.35 2.40 2.17 51.1

* Quartz tube reactor (ID 4mm) with an quartz rod (OD 2mm) inserted through the whole length of the
heated zone to create an annular flow pattern.

Table 2 lists the concentration of significant gaseous reactants, products, and inerts detected via GC
measurement during reactions with the open tube reactors. The raw GC data and the method used for
calculating ethane conversion, ethylene selectivity, ethylene yield, and carbon balance are provided in
the methods section of the supporting information (Table S5 — S9). Methane is the dominant undesired
gaseous product of ethane dehydrogenation within each open tube reactor. However, methane
remains a very minor product, even at the highest temperatures tested. Molar ratios of H,/C,H, remain
close to unity for the open tube reactors as evident from the concentrations reported in Table 2, which
confirms the high selectivity toward ethylene and negligible coke formation. These results agree with
those in a study by Xu et al, who found similar product distribution trends and H,/C,H, ratios near unity
when conducting ethane pyrolysis in a quartz tube reactor, which held for 50% ethane feed and
temperatures higher than those used in this present study.[45] The reported energy barrier for
activation of C — H bonds is higher within ethylene than for ethane, which contributes to the selectivity
of the thermal dehydrogenation reaction in the absence of an oxidizing agent.[24, 44] Materials like
iron and nickel within steel steam cracking coils are known to catalyze coke formation, particularly
during start up. Taniewski et al [47] reported decomposition of ethylene within a stainless-steel tube
reactor into carbon, methane, and hydrogen during ethane pyrolysis. On the other hand, the authors
note the relative stability within a silica reactor. We computed carbon mass balances through gas
chromatograph measurements of the gas compositions entering and exiting the reactors, which are
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listed in Table 2 and shown graphically in Figure S4. Approximately 95 — 100% of the carbon entering
the reactor tubes as ethane is accounted for as methane, ethylene, ethane, propane, and propene
exiting each reactor. Previous studies of ethane pyrolysis within inert tube reactors detected additional
gaseous products, including acetylene, benzene, 1,3-butadiene, n-butane, toluene, 1-butene, and allene,
which we did not detect, likely due to very low concentrations.[48] These hydrocarbons help account
for the discrepancy in our carbon balances. The low concentrations of ethane limit the accuracy of TCD
measurements, and in our GC analysis using the FID detector, we did not detect hydrocarbons beyond
C,—Gs.

Since the open quartz tube showed the highest yield for ethylene, we next explored whether an annular
flow geometry within the quartz tube reactor would be beneficial by changing gas flow dynamics. An
annular reactor geometry was accomplished by adding either an Inconel wire or a quartz rod to the
center of the open quartz tube. The quartz rod was positioned either within the entire heated region
(labeled as “full length”) or within the downstream half of the heated region (“half length”) of the
reactor tube on separate tests. Results are shown in Figure 1c and 1d. Ethylene yield remained highest
in the open tube quartz reactor over nearly the whole temperature range tested. At a set temperature
of 700 °C, however, the yield is nearly identical in the quartz tube with and without the inclusion of a
quartz rod, regardless of rod positioning. Ethylene yield at 700 °C ranged from 66.8 — 66.9% between
the open quartz tube with and without inclusion of the annular quartz tube positioned through the
entire length of the heated reactor region. The quartz rod inclusion decreased the reactor volume by
25% and changed the effective residence time from 5.10 to 3.83 seconds. The difference in effective
residence time caused by varying dimensions between the open quartz, alumina, and stainless-steel
reactor tubes is approximately 25% relative to the quartz tube. Because ethylene yield essentially did
not change with residence time in the quartz tube reactor configurations, we conclude that the
variations in yield between open tube reactor materials could be a result of the different heat transfer
characteristics of quartz, alumina, and stainless-steel. Below 675 °C, addition of quartz rods lowered
ethylene yield, potentially by slowing heat transfer and leaving the annular quartz rod colder than the
quartz tube walls until the furnace temperature and reaction duration increased. Addition of an Inconel
wire lowered ethane conversion without significant change to ethylene selectivity, as compared to the
open quartz tube. This effect is similar to, but less pronounced, than that of the open stainless-steel
tube, which further suggests that heat transfer affects the thermochemical reaction of ethane due to
the altered conductivity of metallic components in comparison to ceramic materials such as quartz.

Next, packed beds containing 20 mg of quartz sand, alumina powder, and ceria-zirconia powder were
added to the quartz tube reactor. Where specified, the beds were placed downstream of the heated
region of the reactor. Otherwise, the beds were positioned in the hottest region. All were supported by
a quartz wool plug placed downstream of the bed. These materials are catalytically inert, however, their
addition provides significantly more surface area within the reactor, which would be beneficial if the
reaction was surface catalyzed. Results are shown in Figure 1e and 1f and in Table S5. Addition of each
inert component actually had a detrimental effect on ethylene yield over the entire temperature range
tested. Ethane conversion was consistently lower with addition of a packed bed to an empty tube.
Selectivity was also reduced in the presence of alumina powder due in part to higher methane
production. Although an annular quartz rod had little effect on reactor performance at high
temperatures, addition of quartz sand lowered performance. The open quartz tube provided an ethane
conversion of 74.5% at a set furnace temperature of 700 °C, which decreased to 68.7% when quartz



sand was added downstream of the reactor and to 65.4% when quartz sand was added to the hottest
region of the reactor. Addition of these packed bed materials likely alters flow characteristics from open
tube and annular configurations. Further, powder addition significantly increases the area of solid
surface which may help quench free radical reactions, limiting the extent of ethane conversion. The
added solid also changes the void volume in the open tube reactor. We estimate that 8 mg of quartz
wool was used to retain the packed bed. At a nominal bulk density of 1g/cc, the occupied volume is
0.028ml. The volume of the quartz reactor is 3.19 ml, hence the added solids have very minimal impact
on the residence time of the gas. However, since the added solid is located in the hottest region of the
reactor, it leads to lowering the heated volume for the thermal reactions.

We next studied addition of 20 mg packed beds of PtMn, — SiO, and PtSn, — Al,O; catalysts (labeled as
“PtMn” and “PtSn” for simplicity) to the quartz tube reactor. Catalyst beds were always placed in the
hottest region of the reactor. Results are shown in Figure 1g and 1h and in Table 3. Here, we find that
dehydrogenation performance is highly temperature dependent. At lower temperatures (575 °C), PtMn
and PtSn catalysts increased ethane conversion to 42.5% and 35.1%, respectively, compared to 14.5% in
the open tube quartz reactor. However, these catalysts degraded as temperature increased, which is
evidenced by a decrease in ethylene yield as furnace temperatures increased to 625 °C. Above 625 °C,
ethane conversion increased as thermal (as opposed to catalytic) reaction pathways became dominant.
At these temperatures, ethylene yield was lower with the Pt-based catalysts than without them. In fact,
better yield was achieved at 700 °C with the packed beds of alumina powder and quartz sand than with
the catalysts having Pt bimetallics supported on alumina or silica. This suggests that catalytically active
materials, like Pt, actually have a negative impact on the thermochemical reaction at elevated
temperatures. These active surfaces may be acting as free radical quenchers. To be beneficial, the Pt-
based catalysts must be operated at lower temperatures. However, ethane conversion is
thermodynamically limited at low temperatures. Higher temperatures appear to deactivate these
catalysts. We admit that the catalysts we tested may not have been optimized in terms of the phase
and composition, and improved catalysts may lead to stable performance. We also note that the
comparison between the catalytic and non-catalytic reaction needs to consider the different volume of
active region, since the heated volume of the open tube available for the thermal reaction is much
greater than the volume occupied by the catalyst. Hence the residence times for the gas flowing
through the catalyst bed is much lower than the residence time for gas flow through the open tube.
Nonetheless, these results suggest that the contribution of thermal, gas phase reactions needs to be
carefully assessed when developing catalysts for ethane dehydrogenation.

A comparison of performance stability between the catalyzed and non-catalyzed reactor configurations
was evaluated by running consecutive reactions using the quartz tube with and without a packed bed of
PtMn catalyst. The reaction was run as previously described, while heating from 575 °C to 700 °C. The
reactor was cooled to room temperature in flowing nitrogen before performing a second run without
any regeneration. Figure 2 shows the results. The high conversion seen from the PtMn catalyst at low
temperature was not seen in the second run. On the other hand, the quartz tube reactor showed stable
performance between consecutive runs. TEM analysis of PtMn catalyst in as-prepared and post-reaction
(spent) conditions was conducted to determine the cause of deactivation. The high temperatures and
reducing conditions generated during non-oxidative dehydrogenation are expected to cause Pt particle
sintering. While, some sintering of the PtMn did occur, this effect was surprisingly minor, owing to the



stability imparted through Mn alloying detailed by Wu et al.[31] Mean particle diameter rose from 1.6
to 2.1 nm during the reaction (Figure S5), which is not expected to cause catalyst deactivation.

An additional stability test was performed by adding 20 mg of fresh PtMn and PtSn catalysts to the
guartz tube reactor, beginning the reaction at 700 °C, and maintaining this temperature for 4 hours.
This test was also performed with the open quartz tube alone and the quartz tube with a quartz wool
plug added in the same position as used with packed catalyst beds. Results show steady performance
from each reactor configuration in terms of yield, conversion, and selectivity (Figures 3a, c, and d). At
this temperature, thermal reaction is dominant. Addition of both catalytic and inert materials lowered
ethylene yield. Carbon mole balances were calculated by summing the moles of carbon entering and
exiting the reactor and correcting for the change in total moles of gas entering and exiting the reactor
(Figure 3b). Carbon balances are relatively similar between each configuration with values near 95%
with the exception of the PtSn, — Al,O; catalyst, which exhibited carbon balance values notably less, near
85%. Experimental limitations in quantifying all the products using the TCD and FID due to low ethane
concentrations may contribute to the imperfect carbon balance, since no coke formation was detected
with the open quartz tube (Figure S6c). We did observe coke deposits on the quartz wool and on both
catalysts following the reaction, as shown in Figure S6 d,e. Carbon analysis yielded 2.5 and 16.4 wt%
carbon on spent PtMn and PtSn catalysts, respectively. Therefore coke deposition appears to be a
significant cause of Pt catalyst deactivation. Further, this observation implies that material additions to
the quartz tube reactor could serve as nucleation sites for coke formation. On the other hand, smooth
guartz surfaces free from defects appear to minimize coke formation. To test this hypothesis, the inner
walls of a quartz tube reactor were scratched with a stainless-steel wire. Examination of the tube
following reaction showed clear signs of carbon deposits (Figure S6f). Likewise, a tube that had been
used multiple times to support a packed bed showed some carbon deposits on the wall, while a pristine
quartz tube showed none. Thus, reactor wall surface roughness may be an important factor which
influences carbon deposition during ethane dehydrogenation.

The effect of ethane concentration in feed gas was evaluated while testing the open tube quartz reactor
between 575 — 700 °C with 2.5, 5, 10, and 25% ethane in nitrogen while keeping the N, flow rate
unchanged. At a furnace set temperature of 700 °C in the quartz tube reactor, the ethylene formation
rate increases linearly with ethane partial pressure, suggesting the reaction is first order with respect to
ethane (Figure S7). Sundaram et al similarly found the ethane thermal cracking reaction to be first
order.[49] Ethane conversion decreased with higher ethane concentrations, while ethylene selectivity
varied only between 86.4 — 89.5% at 700 °C among the different ethane concentrations (Figure S8).
Likewise, selectivity only varied by several percent among the different ethane concentrations when
compared at different reactor temperatures but at similar conversions. These results demonstrate the
benefit of quartz tube reactors, which show robust dehydrogenation performance when operating for
repeated cycles and with variation in feed gas composition.

Significant study has been dedicated toward the development of catalysts which can withstand
demanding conditions involved in ethane dehydrogenation. Often these studies do not distinguish the
roles of the catalytic and thermal reactions, which become obscured at high reaction temperatures.
Particularly in non-oxidative dehydrogenation studies, dehydrogenation activity may be mistakenly
ascribed to the catalyst, whereas thermally induced free radical reactions are actually the dominant
pathway. We demonstrate here that high ethylene yield and selectivity are achieved thermally with a
simple open tube reactor. Introduction of both catalytic and inert materials into the heated reactor
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region was detrimental to the thermal reaction, resulting in lowered yield. Open tube reactors have
been studied in the past, usually in the context of the oxidative coupling of methane. In their study of
the OCM reaction, Keller and Bhasin[9] found that a stainless steel tube reactor led primarily to the
formation of CO,, but that a quartz tube was completely inert at temperatures ranging from 700 °C to
960 °C. Taniewski et al[47] demonstrated the stability of ethylene in a silica tube reactor at 700 °C and a
lower tendency toward coke formation compared to stainless steel reactors. Xu et al. achieved an
ethylene yield of 56% with 61.7% conversion and 90.8% selectivity when using an open quartz tube
reactor with 50% ethane feed gas.[45] These results are comparable to our observations herein. We
further show that preparation of the quartz reactor walls is an important factor in ethylene selectivity.
Imperfections in the quartz surface appeared to nucleate coke formation.
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Figure 1. Ethylene yield as a function of temperature for 5% ethane in nitrogen gas fed into (a) open
tube reactors, (c) quartz tube reactors with annular Inconel wire and quartz rods placed within the
reactor, (e) quartz tube reactors beds of inert material and with annular Inconel wire inclusion, and (e)
quartz tube reactors with packed beds of inert material, and (g) quartz tube reactors with packed beds
of bimetallic Pt catalysts. Ethylene selectivity and ethane conversions at a temperature of 700 °C for the
respective reactor designs (b, d, f, h). The results for other temperatures are shown in Table S5.
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Table 2. Gaseous products measured in mole percent as a function of temperature from reaction of 5%
ethane feed gas in open tube reactors.

Quartz tube
Temperature H, N, CH, C,H¢ C,H, C;Hg CH¢ | Xc,H, | Sc,H,| Yc,H, | Cbalance
(°C) (mol | (mol% | (mol | (mol | (mol | (mol | (mol (%) | (%) (%) (%)
%) ) %) %) %) %) %)
575 0.47 | 94.42 | 0.01 4.37 0.73 0.00 0.00 | 14.5 | 98.3 | 14.2 100
600 0.82 | 93.94 | 0.01 4.09 1.13 0.00 0.00 | 219 | 98.3 | 215 100
625 1.27 | 93.50 | 0.02 3.57 1.62 0.00 0.01 | 32.2 | 95.8 | 30.8 99
650 1.90 | 92.94 | 0.03 2.91 2.21 0.00 0.01 | 44.1 | 96.4 | 425 99
675 2.66 | 92.29 | 0.06 2.10 2.87 0.00 0.01 | 59.4 | 93.7 | 55.7 98
700 3.47 | 91.61 | 0.11 1.32 3.47 0.00 0.02 | 745 | 89.7 | 66.8 95
bypass 0.02 | 94.48 | 0.00 5.50 0.00 0.00 0.00 - - - -
Alumina tube
Temperature H, N, CH, C,H¢ C,H, C;Hg C:H¢ | Xc,H, | Sc,n,| Yc,H, | Cbalance
(°c) (%) | (%) | (%) (%)
575 0.04 | 94.61 | 0.00 5.28 0.06 0.00 0.00 26 [ 456 | 1.2 99
600 0.16 | 94.47 | 0.00 5.11 0.26 0.00 0.00 6.0 | 79.0 | 4.8 99
625 0.54 | 94.13 | 0.01 4.50 0.82 0.00 0.00 | 16.6 | 91.5| 15.1 99
650 1.25 | 93.42 | 0.02 3.67 1.64 0.00 0.00 | 32.2 | 939 | 303 98
675 2.17 | 92.66 | 0.04 2.58 2.53 0.00 0.01 | 51.8 | 91.1| 47.2 96
700 3.12 | 91.78 | 0.10 1.69 3.29 0.00 0.02 | 68.7 | 88.5 | 60.8 94
bypass 0.02 | 94.70 | 0.00 5.28 0.00 0.00 0.00 - - - -
Stainless steel tube
Temperature H, N, CH, C,H¢ C,H, CzHg CH¢ | Xc,H, | Sc,n,| Yc,H, | Cbalance
(°c) (%) | (%) | (%) (%)
575 0.11 | 95.52 | 0.00 4.35 0.02 0.00 0.00 25 | 135 | 0.3 98
600 0.13 | 95.38 | 0.00 4.44 0.04 0.00 0.00 40 |232| 09 97
625 0.22 | 95.18 | 0.00 4.44 0.15 0.00 0.00 53 | 623 | 33 98
650 0.50 | 95.00 | 0.01 3.99 0.51 0.00 0.00 | 13.1 | 84.5| 11.0 98
675 1.15 | 94.19 | 0.02 3.38 1.26 0.00 0.00 | 29.0 | 91.3 | 26.5 98
700 2.18 | 93.31 | 0.04 2.30 2.16 0.00 0.01 | 51.1 | 89.9 | 45.9 96
bypass 0.02 | 95.02 | 0.00 4.96 0.00 0.00 0.00 - - - -

Table 3. Gaseous products measured in mole percent as a function of temperature from reaction of 5%
ethane feed gas in quartz tube reactors loaded with catalyst beds

PtSn, — Al,O;
Temperature | H, N, CH, C,H; C,H, C;Hg GHs | Xc,H, | Sc,H, | Yc,H, | Cbalance
(°c) (%) (%) | (%) (%)
575 1.58 | 93.59 | 0.06 3.38 1.38 0.00 | 0.00 35.1 | 75.7 | 26.6 93
600 1.41 | 93.63 0.04 3.71 1.22 0.00 0.00 29.3 78.9 23.2 95
625 1.40 | 93.47 0.04 3.89 1.20 0.00 0.01 28.1 78.8 22.1 95
650 1.58 | 93.32 0.04 3.66 1.38 0.00 0.00 329 77.2 25.4 93
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675 2.06 | 92.89 | 0.07 3.07 1.90 0.00 0.01 44.5 773 | 344 91
700 2.80 | 92.24 | 0.12 2.21 2.63 0.00 0.01 60.6 77.3 | 46.8 89
bypass 0.02 | 94.97 | 0.00 5.01 0.00 0.00 0.00 - - - -
PtMn, - SiO,

Temperature H, N, CH, C,Hg C,H, C;Hg CHe | Xc,H, | ScuH, | Yc,H, | Cbalance
(°c) (%) | (%) | (%) (%)
575 2.07 | 93.23 | 0.03 3.03 1.65 0.00 0.00 42.5 73.6 | 31.2 89
600 1.57 | 93.49 | 0.02 3.56 1.37 0.00 0.00 34.7 725 | 25.2 91
625 1.14 | 93.69 | 0.01 4.10 1.05 0.00 0.00 27.1 68.9 | 18.7 92
650 1.29 | 93.56 | 0.02 3.96 1.17 0.00 0.00 29.5 70.4 | 20.8 92
675 2.02 | 92.90 | 0.05 3.13 1.89 0.00 0.01 43.8 77.5 | 34.0 91
700 3.03 | 91.89 | 0.10 2.09 2.87 0.00 0.01 63.2 79.5 | 50.3 89

bypass 0.02 | 94.75 | 0.00 5.23 0.00 0.00 0.00 - - - -
a) 80 ; . : b) a0 . .
—_— :><‘7_t§‘§: I 100 I 100
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Figure 2. Performance through two consecutive dehydrogenation runs using 5% ethane feed gas with (a)
an open quartz tube reactor and (b) a quartz tube reactor loaded with 20 mg of PtMn catalyst.
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Figure 3. Dehydrogenation performance of a quartz tube reactor with and without addition of quartz
wool and Pt-based catalysts held at a furnace temperature of 700 °C in terms of (a) ethylene yield, (b)
carbon balance, (c) ethane conversion, and (d) ethylene selectivity.

Conclusions

The results indicate that thermal, gas phase reactions dominate the ethane dehydrogenation reaction
performed at high temperature (700 °C). With the single zone tube furnace used in this work, the
temperature varies both axially and radially in a wall heated reactor. Hence we used the temperature
indicated by the furnace controller to report the effect of temperature. A quartz tube that was pristine
and free of defects led to superior performance compared to a reactor containing inert solids or even
state of the art Pt-based catalysts. At elevated temperatures, Pt-based catalysts showed rapid
deactivation due to coke deposition and some sintering. In contrast, the open tube continued to
perform with no apparent deactivation and minimal coke formation. The role of the gas flow and
temperature profile merits further study, since our experiments were performed at low flow rates
where natural convection leads to a complex flow pattern and with gas residence times up to 4s. This
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work suggests that future research be focused on optimizing the reactor geometry to achieve better
heat integration and to quench any undesirable free radical reactions. Such modular reactor designs
may be suitable for conversion of distributed ethane resources available through fracking. Fracking-
derived natural gas typically contains ethane concentrations ranging between 0 — 25%, as were used in
this study. Regardless of ethane concentration, the open tube quartz reactor consistently out-
performed packed bed reactors in our work. However, we recognize that a comparison of the
volumetric productivity of the thermal and the catalytic reactions needs to consider the much larger
heated volume in the open tube compared to the volume occupied by the catalyst. We observed that
the presence of any solid within the reactor, even an active catalyst, had a negative effect on overall
ethylene yield at the highest temperatures of operation. Thus, quartz represents a viable reactor
material that does not cause significant coking or suffer from carburization-induced degradation as seen
in conventional steam cracking furnaces.
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