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Ammonia-assisted reforming and dehydrogenation toward 
efficient light alkane conversion
Yizhi Xiang*a

The proven world reserves of natural gas are up to 7400 trillion cubic feet, providing cheap and abundant light alkane as 
feedstocks for chemicals and energy syntheses. However, efficient conversion of light alkane (with inert C-H and C-C bonds) 
to value-added chemicals with more active functional groups remains a formidable challenge. The conventional catalytic 
reactions, including steam/dry reforming, oxidative/non-oxidative dehydrogenation, dehydroaromatization, and partial 
oxidation, have been extensively studied for light alkane conversion. Whereas, alternative catalytic systems, such as ammonia-
assisted reforming and dehydrogenation have been less concerned. Green ammonia from renewable energy has been 
considered as an important energy carrier, therefore, it could be an important co-reactant for light alkane conversion. This 
perspective highlights the essentials of ammonia reforming (for COx-free H2 and HCN) and dehydrogenation (for acetonitrile 
and H2) as alternative catalytic processes for efficient light alkane conversion.

1. Introduction
The proven world reserves of natural gas are increasing 
continuously. According to the U.S. Energy Information 
Administration, the estimated total world proved reserves of 
natural gas is up to 7,257 trillion cubic feet (Tcf)as of January 1, 
2020.1 In the United States alone, the natural gas reservation 
increased from 473.3 Tcf at year-end of 2020 to 625.4 Tcf by the 
year-end of 2021 (an increase of 33%), establishing a new 
record for natural gas proved reserves.2 The unprecedented 
increase in natural gas reservation and production provides 
cheap and abundant light alkane as alternative feedstocks to 
crude oil for chemicals and energy syntheses. Consequently, 
researchers from both academia and industry dedicated 
considerable efforts to the development of more efficient 
catalytic systems for light alkane selective conversions.

Significant achievements were made during the past decade 
regarding the catalyst design and process innovation for 
efficient light alkane conversion, mainly for conventional 
steam-/dry-reforming,3-8 oxidative/non-oxidative 
dehydrogenation,9-17 partial oxidation,18-25 and 
dehydroaromatization.26-37 For example, the McFarland group 
reported the simultaneous pyrolysis and dry reforming of 
methane in a bubble column reactor using a molten Ni/In alloy 
catalyst.4 The H2 to CO ratio can be adjusted by changing the 
CH4 to CO2 feed ratio considering that pyrolysis of methane 
produces H2 and solid carbon (separable from the molten 
metal). Yavuz group developed a highly coking- and sintering-
resistant molybdenum-doped nickel catalyst for methane dry 
reforming,6 which was achieved by stabilizing the nanocatalyst 

on the edge of a single-crystalline magnesium oxide support. 
Ryoo group developed rare-earth-platinum alloy nanoparticles 
(in zeolite),9 Sykes and co-workers developed a RhCu single 
atom alloy catalyst,10 Bell group developed an isolated Pt in 
≡SiOZn-OH nests (in dealuminated beta zeolite) catalyst,12 
Notestein and coworkers developed an In2O3-Pt/Al2O3 
catalyst,13 and Xiao group developed isolated boron in zeolite 
catalyst,15 for the efficient oxidative/non-oxidative propane 
dehydrogenation. For light alkane partial oxidation to 
oxygenated products, the Flytzani-Stephanopoulos group 
developed a single-atom Rh catalyst in zeolite for methane 
oxidation to methanol or acetic acid.18 van Bokhoven group 
studied the anaerobic oxidation of methane using CuMOR 
catalyst.19 Xiao group developed a hydrophobic zeolite for 
methane oxidation to methanol by the in-situ formed H2O2.21 
Concerning light alkane dehydroaromatization, a recent study 
in our group developed a binary PtZn@HZSM-5 catalyst (with Pt 
loading as low as 10 ppm), which shown outstanding activity 
and stability.37

Besides the mentioned achievements in the conventional 
catalytic reaction processes, light alkane can also be converted 
into value-added chemicals through alternative catalytic 
reactions, such as ammonia (NH3)-assisted catalytic reactions, 
including ammoxidation and ammonia reforming 
(AmmoReform). In industry, these catalytic processes were 
employed for nitrogen-containing compounds, such as 
acrylonitrile and hydrogen cyanide (HCN) production. For 
example, the ammoxidation of propylene is an industrial 
reaction for acrylonitrile production. In such a process, 
propylene, ammonia, and air are passed through a fluidized bed 
reactor containing the bismuth phosphomolybdate catalyst at 
400-510 °C and 50-200 kPa. The process was initially invented 
in the 1950s by the Standard Oil of Ohio, therefore also known 
as the “SOHIO Process”.38 The SOHIO process co-produces 
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acetonitrile (ACN) and HCN as the by-products, which is the only 
current industrial source of ACN. Another important catalytic 
reaction between light alkane and ammonia is related to HCN 
production through either the Degussa39, 40 or the Andrussow40 
process. The Degussa process – also known as the Bläusaure aus 
Methan und Ammoniak (BMA) process – is a highly endothermic 
nonoxidative reaction that was performed at temperatures 
≥1200 °C in alumina tube bundles (coated with Pt).41-43 
Whereas, the Andrussow process is an oxidative and 
exothermic reaction, and it is a more common process for HCN 
production in the industry.44-47 The Andrussow reaction is 
performed on the Pt-Rh gauze (20-50 layer) and the reactor 
operates adiabatically at ≥1100 °C. Besides the BMA and 
Andrussow processes, which mainly employ methane as the 
feedstock, the industry Shawinigan process employs propane as 
the feedstock for HCN production.40, 48, 49 The Shawinigan HCN 
reactor consists of a refractory lined electrically heated vessel 
and operates at 1300-1600 °C in the absence of a catalyst.48

While ammonia-assisted light alkane conversions are 
conventionally only employed for HCN and acrylonitrile 
production in industry, new opportunities are emerging for 
these traditional catalytic reactions due to the prospects for 
green ammonia as an energy carrier. Ammonia is a high-
demand chemical commodity not only owing to its use in 
agriculture but also because it is a potential chemical vector for 
renewable energy storage and transportation.50 Indeed, 
ammonia as a carbon-free H2 carrier has been extensively 
recognized recently,51-53 and many green ammonia factories 
have been built or under building worldwide.54-57 As green 
ammonia becomes ubiquitously available from renewable 
energy, the ammonia-assisted catalytic conversions of light 
alkane might be employed as platform reactions for chemical 
and energy transformation. This perspective focuses on C1-C3 
light alkane conversion and addresses the opportunities and 
challenges of ammonia-assisted reforming (for COx-free H2 and 
HCN) and dehydrogenation (ammonia/ethane dehydrogenative 
C-N coupling for ACN and H2) as alternative catalytic processes 
for efficient light alkane conversion.

2. Ammonia reforming for COx-free H2 or HCN
2.1 Ammonia reforming as analogous to steaming reforming

The concept of ammonia reforming (AmmoReform) for light 
alkane upgrading ‒ for COx-free H2 production ‒ was recently 
proposed in our group.58 Such a catalytic process is closely 
related to the BMA and Shawinigan processes from the reaction 
stoichiometric. Taking ethane AmmoReform as an example, the 
stoichiometric reaction is shown in equation (1). 

        (1)𝐂𝟐𝐇𝟔 +𝟐𝐍𝐇𝟑→𝟐𝐇𝐂𝐍 + 𝟓𝐇𝟐    ∆𝐇° = 𝟖𝟗.𝟒 𝐤𝐉/𝐦𝐨𝐥𝐇𝟐 
Such a reaction is similar to conventional steam reforming 

(SteamReform, see equation (2)) if ammonia is written as 
“H2NH”, where “NH” is analogous to “O” in water molecular.  

        (2)𝐂𝟐𝐇𝟔 +𝟐𝐇𝟐𝐎(𝐠)→𝟐𝐂𝐎 + 𝟓𝐇𝟐  ∆𝐇° = 𝟔𝟗.𝟒 𝐤𝐉/𝐦𝐨𝐥𝐇𝟐 
Although the AmmoReform shows a higher standard state 

reaction enthalpy change ∆Hº (at 25ºC) than the SteamReform, 

considering the latent heat for steam generation (40.9 kJ/mol 
at 1 atm and 100 ºC), the two processes show quite similar 
reaction endothermicity. Noteworthily, with increasing 
temperature, the ∆Hº of AmmoReform increases, whereas the 
∆Hº of SteamReform decreases. Therefore, under the reaction 
conditions, the AmmoReform is more endothermicity. 

Additionally, the AmmoReform of ethane also shares the 
same types of side reactions as the ethane SteamReform, which 
include ethane hydrogenolysis/cracking (equations (3) and (4)), 
and HCN or CO hydrogenation (equations (5) and (6)). These 
side reactions all produce CH4 as the by-product. Nonetheless, 
the reaction system becomes simple for methane 
AmmoReform (reversible equation (5)) and SteamReform 
(reversible equation (6)) due to the absence of equations (3) 
and (4).    

          (3)𝐂𝟐𝐇𝟔 + 𝐇𝟐→𝟐𝐂𝐇𝟒                    ∆𝐇° = ―𝟔𝟒.𝟓 𝐤𝐉 

               (4)𝐂𝟐𝐇𝟔→𝐂𝐇𝟒 +𝐂 + 𝐇𝟐                 ∆𝐇° = 𝟏𝟎 𝐤𝐉 

         (5)𝐇𝐂𝐍 + 𝟑𝐇𝟐→𝐂𝐇𝟒 +𝐍𝐇𝟑          ∆𝐇° = ―𝟐𝟓𝟔 𝐤𝐉 

         (6)𝐂𝐎 + 𝟑𝐇𝟐→𝐂𝐇𝟒 + 𝐇𝟐𝐎(𝐥)        ∆𝐇° = ―𝟐𝟓𝟎 𝐤𝐉 
Unlike SteamReform, ammonia decomposition (equation (7)) 

is a unique side reaction of the AmmoReform process. The 
ammonia decomposition produces additional H2, therefore, it is 
an advantage if COx-free H2 is the target product, however, is 
not desired if such a reaction aims at HCN production due to the 
decreased HCN selectivity (nitrogen-based).   

              (7)𝟐𝐍𝐇𝟑→𝐍𝟐 +𝟑𝐇𝟐          ∆𝐇° = 𝟗𝟐 𝐤𝐉 
The thermodynamic (Gibbs free reaction energy (∆G) ⁓ 

temperature under atmospheric pressure) of the involved 
reactions is shown in Fig. 1. It is seen that the AmmoReform is 
thermodynamically less favorable than the SteamReform. 

 
Figure 1 Gibbs free energy change as a function of reaction temperature for equations 
(1)-(7). Calculated using HSC Chemistry 6.0

The free energy ΔG decreases with increasing temperature 
for both AmmoReform and SteamReform and the temperatures 
at which ΔG = 0 for ethane AmmoReform and SteamReform are 
∼477.6 ºC and ∼668 ºC, respectively. In order to obtain a higher 
ethane conversion, a reaction temperature above 600 °C is 
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required. All of the side reactions (equations (3)-(5) and (7)) 
have negative ΔG at temperatures between 300-800 ºC, 
indicating that the formation of unwanted CH4 and ammonia 
decomposition are thermodynamically preferred. Nonetheless, 
these reactions are typically limited by reaction kinetic rather 
than thermodynamic. Therefore, the development of highly 
active and selective catalysts is ultimately important to both the 
AmmoReform and SteamReform of ethane.

Figure 2 Dr. Leonid Andrussow (1896-1986) and process description for his hydrocyanic 
acid synthesis from methane and ammonia (1930). Reproduced from ref. 62 with 
permission from John Wiley and Sons, Copyright © 2020 WILEY-VCH GmbH.

2.2 Conventional ammonia reforming: the BMA process

The Degussa BMA process is one of the conventional methane 
AmmoReform (the reverse reaction of equation (5)) processes 
that aim at HCN production. The reaction is highly endothermic 
and requires a high reaction temperature ≥1200 °C. The 
reaction is performed in alumina tube bundles that are coated 
with a thin layer of a special Pt catalyst.41-43 Due to the high 

endothermicity of the reaction at such a high temperature, the 
alumina tube reactors are externally heated by a large gas-
burner furnace,59, 60 which is the same as the methane 
SteamReform process for syngas production.61 The specific 
energy consumption of the BMA process is up to 4×104 kJ/kg 
HCN,49 therefore, it is highly energy intensive. To avoid coke 
deposition on the tube, an off-stoichiometric NH3/CH4 ratio 
(⁓1.07) is used to maintain a slightly carbon-lean condition. 
After leaving the reaction tubes, the product gas is cooled to 
300 °C by passing through a water-cooled heater exchange. 
After that, the gas is washed with dilute sulfuric acid to remove 
unreacted ammonia, which is essential to prevent the 
polymerization of HCN. After the ammonia scrubber, the gas 
then is passed through an adsorption column, where HCN is 
adsorbed by cold water. The overall process is similar to the 
Andrussow process pioneered by Leonid Andrussow (Fig. 2) at 
BASF's ammonia laboratory.62 Noteworthily, the Andrussow 
process, which can be considered as ammoxidation or oxidative 
AmmoReform of methane (CH4 + NH3 + 1.5O2 → HCN + 3H2O), 
will not be discussed in detail in the perspective. During the 
industrial BMA process, about 80-87% of the NH3 and 90-94% 
of CH4 are converted into HCN. Although the tail gas consists 
mainly of pure H2, it is frequently burned for heating the furnace 
during the conventional BMA process. Additionally, the C3+ 
alkanes, such as propane and iso-/n-butane, were studied for 
the BMA process, but a stoichiometric amount of H2 co-feed is 
required for hydrogenolysis (to CH4).59 It seems that with C2+ 
alkanes as the reactant for the BMA process, the catalyst fouling 
is, even more, significant.59 

Figure 3 Calculated logarithmic turnover frequency (TOF) for (a) HCN production and (b) selectivity towards HCN production as a function of the carbon (EC) and nitrogen (EN) binding 
energies. Reproduced from ref. 64 with permission from John Wiley and Sons, Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

2.3 The conventional catalyst and mechanism

The Pt metal is the key catalytically active component for the 
conventional BMA process. The catalyst consisting essentially of 
aluminum oxide contains platinum and aluminum nitride is 
coated on the alumina tube with a Pt density of 10-30 mg/cm2.60 
The coated catalyst after drying is reduced with hydrogen at 
600-900 ºC and the nitride is formed during the induction 
period of the AmmoReform reaction through nitridation. 
Without Pt, the Al2O3 or AlN itself is also active for 

AmmoReform at the temperatures for the BMA process.63 
However, in the absence of Pt, ammonia is mainly decomposed 
to N2 and H2 if methane is not in large excess, and a great surplus 
of methane would lead to significant coke formation. Therefore, 
the Al2O3 catalyst shows neither satisfactory yields nor 
acceptable lifetimes for the AmmoReform. Besides Pt, various 
other platinum group metals, such as Rh, Ru, Pd, Os, and Ir, as 
well as the nonnoble metal, including Ni and Cu, which alone or 
in the form of alloy with each other are also suggested to be 
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active for the AmmoReform at the BMA temperature. However, 
detailed activity data of these catalysts were absent from their 
early patent.60 More recently, Nørskov and coworkers 
calculated the influence of carbon and nitrogen binding energy 
on the catalytic behavior of methane AmmoReform over the 
various transition metal (211) surfaces.64 As shown in Fig. 3, 
while Co, Ni, and Ir are found to be close to the top of the 
volcano (Fig. 3(a)), the commercial BMA catalyst, namely the Pt, 
is unique in terms of its high selectivity (Fig. 3(b)) towards HCN 
production. Additionally, Rh and Ru are also predicted to be 
more active than Pt in terms of HCN production, however, they 
show lower HCN selectivity. Pt is the only metal of those 
considered that produces only HCN, all of the other metals 
produce significant amounts of N2 through ammonia 
decomposition. Finally, Mo and W are predicted to be inactive 
and nonselective towards HCN production through methane 
AmmoReform.

While studies on the catalyst development for the 
AmmoReform are rather limited, the mechanism of HCN 
synthesis over the Pt-based catalyst has been subjected to 
numerous studies. Koberstein studied methane AmmoReform 
in a bench-scale Degussa BMA reactor using a Pt catalyst.42 The 
flow type, heat, and mass transfer, as well as a macrokinetic 
model, were estimated.42 Schmidt and coworkers studied the 
kinetics of HCN synthesis from methane AmmoReform under 
UHV (0.05-5.0 Torr) conditions at temperatures between 500 
and 1500 K on a polycrystalline Pt and Rh foil.65, 66 According to 
their studies, the reactive Rh and Pt surfaces are covered with 
almost one monolayer of carbon, which reacts with NHy 
fragments to give HCN. However, the catalyst would deactivate 
if multiple carbon layers were formed, indicating that the C-N 
coupling could occur between CHx and NHy species. Therefore, 
the rates of HCN formation are fit accurately by a modified 
Langmuir-Hinshelwood model that assumes surface carbon as 
both a reactant and a catalyst poison. 

𝒓𝑯𝑪𝑵 =
𝒌𝑯𝑪𝑵𝑷𝑪𝑯𝟒𝑷𝟎.𝟓

𝑵𝑯𝟑

(𝟏 + 𝑲𝑷𝑪𝑯𝟒 𝑷𝟎.𝟓
𝑵𝑯𝟑)𝒏 + 𝟏

The rate constant kHCN and equilibrium constant K were found 
by fitting the data to the model. 

𝒌𝑯𝑪𝑵 = 𝟕.𝟖 × 𝟏𝟎𝟏𝟖𝒆
―𝟏𝟗𝟓𝟎

𝑻

𝑲 = 𝟎.𝟎𝟒𝟒𝒆
𝟐𝟑𝟗𝟎

𝑻

Herceg and Trenary suggested the direct coupling of C and N 
atoms on Pt (111) for the surface CN formation.67, 68 The 
conclusion was addressed based on the reflection absorption 
infrared spectroscopy (RAIRS) and temperature-programmed 
desorption (TPD) under UHV with CH3I and NH3 as the 
precursors. Their results show that HCN desorption at ∼500 K is 
kinetically limited by the formation of the C-N bond at this 
temperature and high coverages of Cads suppress CN formation. 
Delagrange and Schuurman performed temporal analysis of 
products (TAPs) experiments on Pt black for methane 
AmmoReform at 1173 K.43 Their results show that ammonia 
decomposition is the rate-limiting step and HCN is formed by a 
C-N or HC-N coupling reaction. Consequently, the selectivity is 

governed by CH4 adsorption: fast CH4 adsorption favors the 
formation of HCN while N2 formation is hindered.64 Schwarz and 
coworkers studied the mechanisms of the gas phase Pt+-
mediated C-N coupling.69, 70 The reaction was initiated by Pt+ 
dehydrogenates CH4 to yield PtCH2

+, which reacts with gas 
phase NH3 and yields various intermediates. The major pathway 
resulted in the formation of PtH and CH2NH2

+ (PtCH2
+ + NH3 →  

PtH + CH2NH2
+) and such a reaction is found to be exothermic 

by 23 kcal/mol.69 Noteworthily, dehydrogenation of NH3 by 
Pt+ is endothermic and does not occur experimentally. 
Additionally, Pt+ is unique with respect to its ability to activate 
CH4 and mediate C-N bond coupling in contrast to the transition 
metal cations (Fe+, Co+, Rh+, W+, Os+, Ir+, and Au+).20

Figure 4 Reaction network leading to HCN on Pt (111) from methane AmmoReform. 
Reproduced with permission from ref. 71, Copyright © 2011 American Chemical Society.

Besides the aforementioned experimental studies, Gómez-
Díaz and López performed DFT calculations for the full reaction 
path leading to HCN formation from CH4 and NH3 on Pt (111).71 
A complete reaction network leading to HCN formation, which 
includes dehydrogenation, HxC-NHy (x = 0-2, y = 0-2) couplings, 
de/hydrogenation of C-N-containing species, and isomerization, 
is shown in Fig. 4. It was concluded that the C-N formation takes 
place through partially hydrogenated compounds, in particular, 
those coming from HxC + NH2 (x = 0, 1) coupling with 
subsequent dehydrogenation of the resulting intermediate; and 
the dehydrogenation of the HCNH2 intermediate is the rate-
limiting step in the recombination channel, the largest barrier 
being about 1.2 eV.71

2.4 Re/HZSM-5: a new catalyst for low temperature AmmoReform

While the conventional Degussa BMA process requires a high 
reaction temperature of ≥1200 °C, more recent studies show 
that the AmmoReform of light alkanes (ethane and propane 
from natural gas liquid) can be achieved at 600-700 °C.58 This 
result demonstrated the possibility of achieving AmmoReform 
at relatively low temperatures (the same reaction temperature 
as the SteamReform and dry reforming). The efficient low-
temperature AmmoReform of ethane and propane was realized 

Page 4 of 11Green Chemistry



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

over the Re modified HZSM-5 zeolite rather than the 
conventional Pt-based catalyst for the BMA process. Fig. 5(a) 
shows the catalytic data of ethane AmmoReform over the 
Re/HZSM-5 performed at 650ºC with a partial pressure ratio of 
C2H6:NH3:Ar = 0.25:0.5:0.25 atm at a total flow of 40 ml/min. 
The mass-specific activities of H2, HCN, and N2 (the primary 
products during ethane AmmoReform) increase almost linearly 
with increasing Re concentration (in HZSM-5) from 0 to 186 
μmolRe/gcat. From the slopes of the linear equations, the 

turnover frequency (TOF) of H2 formation is up to 3.5 s-1, and 
the TOF of AmmoReform, namely, the activity for HCN 
formation, is 0.8 s-1. Additionally, the intercepts of such linear 
relations are approximately zero, suggesting that Re is the 
catalytically active site for AmmoReform, and the Brønsted acid 
sites of the HZSM-5 were not directly involved in the reaction. 
Without Re, pure HZSM-5 shows <1.5% ammonia conversion 
(through decomposition) and negligible ethane conversion 
under the same reaction conditions.58

Figure 5 Catalytic data of ethane AmmoReform over the Re/HZSM-5 catalysts. Reproduced with permission from ref. 58, Copyright © 2022 American Chemical Society.

The Re/HZSM-5 catalyst not only shows higher activity but 
also exhibits outstanding stability/coke-resistibility. 
Noteworthily, coke-induced catalyst deactivation is ubiquitous 
during the hydrocarbon transformation, especially over the 
acidic metal/zeolite catalysts. The Re/HZSM-5 is also an active 
catalyst for light alkane dehydrogenation and aromatization,72, 

73 during which coke deposition is prevailing. Nonetheless, the 
Re/HZSM-5 catalyst is highly coke-resistant during the 
AmmoReform of both ethane and propane. As shown in Fig. 
5(b), the activity of H2 formation from ethane and propane 
AmmoReform over the Re/HZSM-5 (Re/Alf = 0.2) remains stable 
within the time-on-stream (TOS) up to 20 h. According to the 
temperature-programmed oxidation (TPO) of the used 
catalysts,58 coke deposition on the Re/HZSM-5 catalyst (after 20 
h of TOS for ethane or propane AmmoReform) is negligible, 
indicating higher coke resistibility under the AmmoReform 
conditions, which must be associated with the presence of NH3 
as the co-reactant for light alkane conversion. It was 
hypothesized that the strong interaction between NH3 and 
Brønsted/Lewis acid sites could prevent the oligomerization of 
olefins,58 prohibiting the formation of polyaromatic species.74

2.5 Re/HZSM-5 for AmmoReform: catalytic active structure and 
mechanism 

The strictly linear relationship between activity and Re 
concentration strongly suggests that only one type of active site 
was formed for the Re/HZSM-5 catalysts with different Re 
loadings. In order to understand the structure of Re species in 
HZSM-5 zeolite, the catalyst has been extensively characterized 
by X-ray absorption spectroscopy at Re LIII-edge, in-situ Raman 

spectroscopy, and HAADF-STEM.58 The formation of ReO4
‒ 

tetrahedral (see Fig. 6 (d)), anchored to the framework AlfO4
‒ 

(Al-Of
‒-Si) by replacing the Brønsted acid site in the 10MR (10-

membered ring) of the ZSM-5 zeolite, was expected for the 
fresh catalyst.72, 73, 75-77 While the ReOx oxo site can be easily 
reduced to Re0 clusters by hydrogen at 400 ºC;75 during the 
AmmoReform, such isolated oxo structure is only partially 
reduced despite the high H2 partial pressure (up to 40% 
depending on the reaction conditions) under the AmmoReform 
reaction. The structure was hypothesized to be ReOx (x≈2) (see 
Fig. 6 (e)), which was formed from the ReO4

‒ tetrahedral 
precursor during the early stage of the AmmoReform reaction. 
The formation of ReOx (x≈2) as the catalytically active structure 
was identified based on the quantitative analysis of the 
transient kinetic experiment during the early stage (see Fig. 
6(a)), where a sharp peak of CO2 and a broader peak of H2O 
were observed. Quantification of the total desorbed O atom (in 
CO2 and H2O) suggested that nearly 50% of O in the ReO4

‒ 
tetrahedral was removed. Noteworthily, the formation of HCN 
was delayed for about 18 seconds after introducing the 
reactants, and it takes up to 2.75 min to reach the steady state, 
demonstrating the significant influence of catalyst 
reconstruction on the ethane AmmoReform. A linear 
relationship between the mass-specific activity of HCN and the 
degree of oxygen defects was observed, indicating the pivotal 
role of the ReOx (x≈2) sites for AmmoReform. 

The catalytic mechanism of ethane AmmoReform over the 
ReOx oxo in HZSM-5 zeolite must be different from the 
aforementioned methane AmmoReform over the Pt-based 
catalysts under the BMA conditions. In order to elucidate the 
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mechanism, the surface coverage of different species during the 
steady-state ethane AmmoReform has been quantified based 
on the time-dependent decay during the back-transient (the 
reactor influent was switched from reactants to inert).58 
Ammonia and HCN were found to dominate the surface/active 
sites of the catalyst during the reaction. The total specific 
amounts of NH3 and HCN adsorbed on the Re/HZSM-5 catalyst 
are 207 and 309 μmol/gCat, respectively, corresponding to 
approximately 50% of coverage of Brønsted acid sites by NH3 

and 400% of coverage of Re-oxo by HCN, respectively. Based on 
this information, it is expected that the ReOx (x≈2) site is 
octahedral coordinated with HCN or related intermediates (see 
Fig. 6(f)) during the reaction.58 Further correlation of the early-
stage activity with the surface carbon coverage and ethane 
partial pressure (see Fig. 6(c)) suggested that the reaction might 
follow the Eley-Rideal (C2H6 insertion) mechanism (Fig. 6(g)) 
because the activity increases linearly with increasing Pethane 
rather than the surface carbon coverage.

Figure 6 Transient kinetic results (a-c) and the structures of the Re species during ethane AmmoReform (d-g). (a) outlet flow of CO2 and H2O, and normalized outlet flow of HCN and 
inert standard (Ar) during the early-stage; (b) early-stage activities of HCN, CH3CN, and CH4 as a function of the degree of O defects; (c) HCN rate as a function of ethane partial 
pressure and surface carbon coverage. (d) structure of ReO4

‒ tetrahedral anchored to the framework AlfO4
‒ (Al-Of

‒-Si) in the fresh catalyst, (e) partially reduced ReOx (x≈2) structure 
after reaction, (f) possible “CN” coordinated ReOx (x≈2) structure during the steady-state AmmoReform, (g) hypothesized ethane insertion mechanism. Panels (a) and (b) were 
reproduced with permission from ref. 58, Copyright © 2022 American Chemical Society.

3. Ammonia dehydrogenation for acetonitrile
3.1 Ammonia dehydrogenation and conventional ammoxidation

The catalytic reactions between ammonia and light alkane, in the 
absence of O2, can be achieved through not only the aforementioned 
AmmoReform but also ammonia dehydrogenation (AmmoDH) for 
ACN and H2. The concept of AmmoDH has been demonstrated in our 
recent publication and the reaction is realized through the tandem 
catalysis of dehydrogenative C-N coupling (dehydrogenation 
followed by amination).74 Noteworthily, the AmmoDH discussed 
here is only for C2+ light alkane. The AmmoDH of methane actually is 
identical to the AmmoReform. The stoichiometric reaction of ethane 
AmmoDH is shown in equation (8).    

            (8)𝐂𝟐𝐇𝟔 +𝐍𝐇𝟑→𝐂𝐇𝟑𝐂𝐍 + 𝟑𝐇𝟐          ∆𝐇° = 𝟐𝟏𝟖.𝟕 𝐤𝐉 
The oxidative ethane AmmoDH is well known as conventional 

ammoxidation (equation (9)).78-81 
𝐂𝟐𝐇𝟔 + 𝐍𝐇𝟑 + 𝟏.𝟓𝐎𝟐→𝐂𝐇𝟑𝐂𝐍 + 𝟑𝐇𝟐𝐎(𝐠)

           (9)∆𝐇° = ―𝟓𝟎𝟔.𝟖 𝐤𝐉

The same as AmmoReform, the AmmoDH is also highly 
endothermic and thermodynamically favored at higher reaction 
temperatures (see Fig. 7). The reactions (1), (3), (4), (5), and (7) 
mentioned in section 2.1 for AmmoReform are involved as the 
side reactions during the AmmoDH. As aforementioned, these 
side reactions (equations (3)-(5) and (7)) have negative ΔG at 
temperatures between 300-800 ºC.
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Figure 7 Gibbs free energy change as a function of reaction temperature for ethane 
AmmoDH (equation (8) and ammoxidation (equation (9)). Calculated using HSC 
Chemistry 6.0.

In contrast, the conventional ammoxidation is highly 
exothermic with free energy ∆G < -550 kJ. In principle, a high 
conversion can be achieved at relatively mild temperatures. 
Additionally, coke deposition during the oxidative process is 
usually less significant than the nonoxidative process. For 
example, ACN and ethylene were produced from ethane 
ammoxidation over the mixed metal oxide82-86 or Co-exchanged 
zeolite78-80, 87-91 catalysts. Although conventional ammoxidation 
produces the same type of product as the AmmoDH from the 
light alkane, these two reactions are fundamentally different. It 
was mentioned by Li and Armor,87 in their pioneer work on the 
Co/zeolite for ethane ammoxidation, “In the absence of O2, no 
reaction occurs”. Therefore, the ammoxidation involves 
different catalytic mechanisms from the AmmoDH for light 
alkane conversion. We also noticed that the AmmoDH catalyst 
is incompetent for ammoxidation, in the presence of O2, a 
significant amount of CO2 was produced. Additionally, up to 
70% of the converted NH3 was oxidized to NOx during 
ammoxidation,89 of which is absent from the AmmoDH. 

3.2. Bifunctional catalyst enables AmmoDH 

While it is promising to produce ACN and H2 directly from 
ammonia and ethane, such a reaction was less concerning than 
the ammoxidation, most likely due to the lack of an active 
catalyst under the anaerobic conditions. Specifically, the 
AmmoDH reaction must be achieved at relatively low 
temperatures, because the reaction is dominated by C-C 
cleavage and turned to AmmoReform at high temperatures. 
Therefore, an efficient catalyst for low-temperature 
dehydrogenation is essential. To the best of our knowledge, the 
only attempt at the anaerobic reaction between light alkanes 
and ammonia at lower temperatures was made by Denton and 
Bishop 70 years ago, which was not quite successful over their 
investigated MoO3/Al2O3 catalyst due to the low activity.92 

Recent efforts by our group in ethane AmmoDH show that 
the metal/acid bifunctional catalysts are highly efficient.74 The 
reaction is realized through metal sites catalyzed ethane 
dehydrogenation followed by ethylene amination (with NH3) on 
the acid sites, namely a tandem dehydrogenative C-N coupling 
mechanism (see Fig. 8(a)). It is well known that transition 
metals, such as Pt, are highly active in ethane dehydrogenation 
to ethylene. Additionally, the amination reaction of ethylene 
with ammonia can be realized on the Brønsted acid sites of the 
zeolite through the ammonia insertion mechanism.74, 93, 94 
Finally, the dehydrogenation of ethylamine leads to the 
formation of ACN. The direct formation of ACN from ethylene 
and ammonia through amination followed by dehydrogenation 
has also been investigated.95 Low temperatures are preferred 
for such a tandem catalytic process since the formation of CH4 
and HCN is favored at high reaction temperatures (the reaction 
turned to AmmoReform).74 Additionally, the C-N coupling 
between NH3 and C2H4 through amination is also favored at low 
temperatures (preferably at high pressure). Consequently, a 

metal site (with high dehydrogenation activity at relatively low 
temperatures) in combination with a strong Brønsted acid site 
is essential for the AmmoDH catalyst.

Based on the hypothesized mechanistic pathway, the 
Pt/HZSM-5 has been identified as the active catalyst for ethane 
AmmoDH at temperatures as low as 350ºC. The specific rate of 
ACN at such a low temperature is ⁓60 μmol/g/min (or 12 
mmol/gPt/min), and as shown in Fig. 8 (b-c), the selectivity of 
ACN is up to 99%, although at very low ethane and ammonia 
conversion (⁓1%). The low conversion is due to both kinetic 
and thermodynamic limitations. The conversion increases with 
increasing temperature, however, the selectivity decreases. In 
comparison to other catalytic systems for ethane conversions, 
such as dehydroaromatization, dehydrogenation, and 
ammoxidation, the Pt/HZSM-5 catalyzed AmmoDH is more 
efficient.74 The activity of ethane AmmoDH is significantly 
higher than the ammoxidation over the Co/β catalyst 
(compared at 500ºC).78, 87 Indeed, the Pt/HZSM-5 (employed for 
ethane AmmoDH) is also a conventional catalyst for ethane 
dehydrogenation or dehydroaromatization (if ammonia is 
removed from the reactant mixture). Direct comparison 
between AmmoDH with dehydrogenation over the same 0.5 
wt% Pt/HZSM-5 catalyst under identical conditions at 400ºC 
show that the reaction rate of ethane during the AmmoDH is 
more than twice that for the dehydrogenation.74 Therefore, it 
might be concluded that the presence of ammonia assists 
ethane dehydrogenation.

Figure 8 (a) Schematic illustration of the tandem dehydrogenative C-N coupling 
mechanism; (b)-(d) catalytic results of ethane AmmoDH over 0.5 wt% Pt/HZSM-5 
catalyst. (b)-(c): influence of reaction temperature on selectivity and conversion, (d): 
time on stream behavior (stability) of the catalyst. Reproduced with permission from ref. 
74, Copyright © 2021 American Chemical Society.

Another intriguing observation of AmmoDH is that the 
presence of ammonia as a reactant during the AmmoDH, in 
principle, could decrease the rate of coking. As aforementioned 
in the AmmoReform section, it remains a key challenge to avoid 
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the ubiquitous coke deposition during light alkanes conversion 
under anaerobic conditions. Interestingly, due to the strong 
interactions between ammonia and the Lewis/Brønsted acid 
sites of the Pt/HZSM-5 catalyst, the formation of heavier 
reaction intermediates (coke precursors) from the 
oligomerization of ethylene intermediate on the acid sites of 
the catalyst is prohibited. Therefore, the AmmoDH shows 
higher stability/coke-resistibility than the other anaerobic 
reaction processes, especially the dehydroaromatization.74 The 
stability of the Pt/HZSM-5 catalyst in the ethane AmmoDH has 
been studied at 400ºC (see Fig. 8(d)). The rate of ACN only 
decreased from ⁓140 to 90 μmol/gcat/min after time on stream 
up to 42 h.

3.3. Metal/acid bifunctionality needs to be optimized

While the benchmark Pt/HZSM-5 shows promising activity and 
stability in ethane AmmoDH, the proposed bifunctional tandem 
dehydrogenative C-N coupling mechanism (see Fig. 8(a)) 
strongly suggested that the catalytic performance can be 
further optimized by tuning the metal and acid functionalities 
of the catalyst. It is expected that the key to the 
activity/selectivity of AmmoDH is the interactions between NH3 

and the catalyst: such interaction should be "just right" as 
suggested by the Sabatier principle.96 For example, if the 
interaction between NH3 and catalytic active sites is too strong, 
then the initial C-H bond activation must be prohibited. 
Therefore, it is essential to tune the chemical properties of the 
metal sites in the zeolite. Various second metals, including Co, 
Zn, Ga, In, Sn, Ce, Rh, Zr, Mn, and Pd, have been employed to 
tune the metal/acid functionalities of the catalyst for ethane 
AmmoDH, the Co modified Pt/HZSM-5 catalyst has been 
identified with enhanced activity, selectivity, and stability, 
simultaneously.95 Noteworthily, the Co/HZSM-5 is also an active 
catalyst for ethane ammoxidation,79, 80 however, is inactive 
(produces negligible acetonitrile and ethylene at 600ºC) for 
ethane AmmoDH under anaerobic conditions.95 Therefore, Co is 
considered a promoter, modifying the metal and acid 
functionalities of the Pt/HZSM-5 catalyst. In order to 
understand the promotion effect of Co on the Pt/HZSM-5 
catalyst for ethane AmmoDH, future research is necessary to 
address scientific questions, such as what are the relationships 
between the chemical properties (structure, composition, and 
siting) of Pt and Co species and the catalytic reactivity; and how 
does the Brønsted acid density of the zeolite host influence the 
structure and catalytic performance of the Pt and Co sites.  

Figure 9 Schematic illustration of the proposed ammoreforming of natural gas liquids (for onsite HCN and COx-free H2 production at relatively low temperatures) and the related 
conventional processes.

4. New opportunities and challenges for 
AmmoReform and AmmoDH 

4.1 AmmoReform for COx-free H2

The efficient AmmoReform of ethane and propane, catalyzed by 
Re/HZSM-5, at the temperature range for the conventional 
SteamReform provides new opportunities for this old catalytic 
reaction. A schematic illustration of the industrial significance 
of the low-temperature AmmoReform of ethane and propane 

and its related conventional processes is shown in Fig. 9. 
Specifically, the AmmoReform at the same temperatures as the 
conventional SteamReform makes it feasible for the on-purpose 
H2 production (with HCN as the by-product). The absence of COx 
is a significant advantage in contrast to the SteamReform for H2 
production. As demonstrated in Fig. 9 (path (a)), methane 
SteamReform produces stoichiometric amounts of CO or CO2, 
which imposes additional costs for CO2 sequestration and CO 
transformation: through two stages of the water-gas-shift 
reaction, an additional methanation reactor is required to 
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produce COx free H2 for the PEMFCs. Whereas, the 
AmmoReform produces HCN (instead of CO and CO2) as the co-
product, which can be easily removed through water adsorption 
as developed for the Andrussow process. The costs of H2 
purification during the AmmoReform must be significantly 
lower than the conventional SteamReform. According to 
techno-economic analysis (TEA), the pressure swing adsorption 
(for H2 purification), during the conventional SteamReform 
using a packed-bed reactor, is the most critical economic 
parameter.97 

The key limitation of AmmoReform is that ammonia is 
currently still mainly produced with hydrogen from methane 
SteamReform. The opportunity of AmmoReform for COx-free H2 
production relies on green ammonia production from 
renewable energy. Indeed, ammonia as a carbon-free H2 carrier 
has been extensively recognized recently.51-53 A systematic TEA 
of hydrogen transportation infrastructure using ammonia and 
methanol reveals that the cost of transporting hydrogen using 
ammonia ($1479/t-H2) is cheaper than using methanol 
($1879/t-H2).98 As demonstrated in Fig. 7 (path (b)), 
AmmoReform could be an alternative process for on-site COx-
free H2 production because both ammonia and C2+ light alkane 
can be transported in liquid form (NH3 and C2+ alkane can be 
liquefied at pressure < 40 atm) when green ammonia becomes 
ubiquitously available from renewable energy. 

In contrast to ammonia decomposition, the proposed 
AmmoReform aims at the efficient conversion of cheap and 
abundant light alkane. Although significant increase in 
renewable energy utilization, fossil energy (with appropriate 
CO2 capture) will still play a critical role in the chemical and 
energy sectors in the near future. Therefore, the AmmoReform 
(utilizing both fossil light alkane and renewable ammonia) might 
play a role during the transition period. Direct comparison 
between light alkane AmmoReform and ammonia 
decomposition is not the focal area of this perspective.  

Another challenge is that the market size of H2 is significantly 
large compared with the by-product HCN. The proposed 
AmmoReform alone certainly will not meet the demand for the 
future H2 economy. However, it might be a complement to the 
conventional SteamReform and other techniques, especially for 
on-site COx-free H2 production. Additionally, new catalytic 
processes for HCN transformation, such as catalytic hydrolysis 
(HCN + H2O → NH3 + CO99-101 or NaCN + H2O → HCOONa + 
NH3

102, 103) must be developed to convert HCN back to NH3 
and/or other chemicals and intermediates. Although HCN 
hydrolysis has been studied previously, such a process is not 
being used in industry and the process is of interest only for 
exhaust gas treatment currently.  

While the low-temperature AmmoReform provides a new 
opportunity for on-purpose COx-free H2 production, a 
systematic TEA and life cycle assessment (LCA) of such a process 
is waiting to be evaluated. Regardless of its potential for H2 
production, the application of low-temperature AmmoReform 
must benefit when considering HCN as the target product (for 
on-site synthesis). In terms of the catalyst, the present 
Re/HZSM-5 is active only for C2+ light alkane (ethane and 
propane) AmmoReform, most likely due to the fundamental 

difference from the Pt-catalyzed Degussa BMA process in terms 
of mechanism. New catalysts for methane AmmoReform are 
waiting to be developed and catalyst stability under industrially 
relevant conditions is also waiting to be studied. 

4.2 AmmoDH for on-purpose acetonitrile production

The direct reaction between ethane and ammonia under milder 
conditions through AmmoDH provides an alternative method 
for on-purpose ACN production. Acetonitrile is a saturated 
aliphatic nitrile with a low freezing point, low toxicity, and low 
viscosity. It has medium polarity and exhibits excellent solubility 
to both polar and non-polar compounds. Therefore, it has been 
widely used as a solvent in the battery (because of its relatively 
high dielectric constant), refineries (an extractor for butadiene 
purification), and other organic synthesis. Besides its main 
application as a solvent, ACN is also a common building block in 
organic synthesis. Acetonitrile can be converted through 
hydrogenation into ethylamine,104 which has an annual global 
market of 1.85 × 105 tons.105 It can also be converted through 
hydrolysis into acetic acid and acetamide.106 Therefore, it can 
be used as the precursor to medicines, pesticides, and paints. 
While in the current industry, acetonitrile is recovered (as a by-
product) during the propylene ammoxidation (SOHIO Process) 
that aims at acrylonitrile production, the on-purpose AmmoDH 
for acetonitrile production from the abundant ethane or 
ethylene could be an important alternative. Additionally, the 
AmmoDH co-produces significant amounts of H2 (about three 
times of total useful carbon-based products), which can be used 
for the subsequent ACN hydroconversion.

The same as the concept of AmmoReform for COx-free H2 
production, the AmmoDH is also a new concept that requires 
systematical TEA and LCA evaluations. The key limitation might 
be the small market size of ACN, which calls for the 
development of new catalytic processes for ACN upgrading 
through hydrogenation and hydrolysis. Additionally, a more 
efficient catalyst is also waiting to be developed, which relies on 
the fundamental understanding of the metal/acid 
bifunctionality during such a tandem catalytic process.    

5. Conclusion 
The unprecedented increase in shale gas production provided 
cheaper and more abundant light alkane as the feedstock for 
chemicals and fuel syntheses. In industry, light alkane was 
mainly co-processed with steam (H2O (g)) through cracking (for 
ethylene) or reforming (for H2). Alternative to the steam-
assisted conversion process, green ammonia from renewable 
energy, which has been considered an important energy carrier, 
could be an alternative co-reactant for efficient light alkane 
conversion. This perspective intends to accentuate the 
essentials of two ammonia-assisted light alkane conversion 
processes, namely AmmoReform (for COx-free H2 and HCN) and 
AmmoDH (or dehydrogenative C-N coupling for ACN and H2). 
Specifically, a comprehensive exploration of the early industrial 
process related to the Degussa BMA process (for HCN 
production), which is the only industry process related to the 
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ammonia-assisted light alkane conversion, was carried out. 
Then the current state-of-the-art knowledge of the catalytic 
systems of both AmmoReform and AmmoDH was addressed. 
With the assistance of the Re/HZSM-5 catalyst, the 
AmmoReform, which was carried out at temperatures up to 
1200ºC during the BMA process, can be realized at the same 
temperature range as SteamReform. Therefore, the new 
opportunity and challenge of AmmoReform toward COx-free H2 
production was discussed. Moreover, through optimizing the 
metal/acid bifunctionality, ethane direct dehydrogenative C-N 
coupling with ammonia (the AmmoDH process) can be realized 
at temperatures as low as 350ºC. Such a reaction produces ACN 
directly from ethane and ammonia under anaerobic conditions 
and shows a significantly higher rate than the conventional 
ammoxidation process; therefore, it might be an important 
alternative for on-purpose ACN production. As green ammonia 
from renewable energy becomes ubiquitously available, co-
processing light alkane with ammonia through the discussed 
AmmoReform and AmmoDH might emerge as new platform 
reactions for chemicals and energy transformations.
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