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Abstract 
Ammonia (NH3) dissociation and oxidation in a cylindrical quartz reactor 
has been experimentally studied for various inlet NH3 concentrations (5%, 
10%, and 15%) and reactor temperatures between 700 K and 1000 K. The 
thermal effects during both NH3 dissociation (endothermic) and oxidation 
(exothermic) were observed using a bundle of thermocouples positioned along 
the central axis of the quartz reactor, while the corresponding NH3 conver-
sions and nitrogen oxides emissions were determined by analysing the gas 
composition of the reactor exit stream. A stronger endothermic effect, as in-
dicated by a greater temperature drop during NH3 dissociation, was observed 
as the NH3 feed concentration and reactor temperature increased. During 
NH3 oxidation, a predominantly greater exothermic effect with increasing 
NH3 feed concentration and reactor temperature was also evident; however, it 
was apparent that NH3 dissociation occurred near the reactor inlet, preceding 
the downstream NH3 and H2 oxidation. For both NH3 dissociation and oxida-
tion, NH3 conversion increased with increasing temperature and decreasing 
initial NH3 concentration. Significant levels of NOX emissions were observed 
during NH3 oxidation, which increased with increasing temperature. From 
the experimental results, it is speculated that the stainless-steel in the ther-
mocouple bundle may have catalysed NH3 dissociation and thus changed the 
reaction chemistry during NH3 oxidation. 
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1. Introduction 

Recent years have seen a growing interest in ammonia (NH3) as a potential re-
newable and carbon-free fuel when it is produced from renewable hydrogen [1]. 
Unlike conventional fossil fuels, the combustion of NH3 does not emit carbon 
oxides (CO, CO2), sulphur oxides (SOX), or particulate matter (PM) emissions. 
Figure 1 indicates the volumetric and gravimetric energy densities of various fu-
els. Ammonia is typically stored and transported as a liquid at −33˚C and 1.1 ~ 
1.5 bar [2] [3] under which conditions the respective gravimetric and volumetric 
energy densities are 22.5 MJ/kg and 15.6 MJ/L [4] [5]. The energy densities of 
NH3 are thus comparable to several other commonly used fuels, with a volumet-
ric energy density higher than its renewable alternative, H2, which contends with 
high storage and transport costs. Several challenges face the use of NH3 as a fuel 
in typical combustion systems, including high ignition energy and autoignition 
temperature, high lower flammability limit, slow flame propagation speed, and 
potential nitrogen oxides (NOX) formation [3] [6] [7] [8] [9]. This can result in 
low flame stability and reduced combustion intensity which yields decreased 
operability and efficiency. Additionally, the potential formation and ultimate 
emission of NOX associated with burning NH3 is a major environmental concern  

 

 
Figure 1. Comparison of volumetric and gravimetric energy densities of various fuels. 
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which needs to be carefully studied and, if required, countermeasures developed 
as it can act as a greenhouse gas, causes acid rain and urban haze, and is toxic to 
life [4]. Like many other commercially used fuels, NH3 combustion involves sev-
eral safety hazards including toxicity in its release or in the release of NOX upon 
combustion, as well as generic flammability and explosion risks. 

The Centre for Energy at The University of Western Australia has launched 
a significant scientific research programme to investigate combustion per-
formance and NOX formation during NH3 dissociation and oxidation in sev-
eral different types of reactors (flow reactor, fixed-bed reactor, and fluid-
ised-bed reactor) in an aim to realise improved combustion efficiencies [10] 
[11]. The present contribution reports a preliminary experimental investiga-
tion into the thermal effects during NH3 dissociation and oxidation in a flow 
reactor. Based on the reactor temperature profiles and effluent gas composi-
tion data for varying inlet NH3 and O2 concentrations in argon (Ar) and fur-
nace set temperatures, some interesting phenomenological observations can be 
made, thereby assisting in the interpretation and understanding of heat release 
intensities of the prevailing reactions. 

2. Experimental 

Figure 2 shows a schematic diagram of the experimental system. Gases were dosed 
to the system using mass flow controllers before being combined in a mixer con-
taining small quartz granules and fed into the reactor from the top. The quartz 
tube reactor (25.4 mm OD and 3 mm wall thickness) was held in a split-tube 
furnace (model TCH-T1200-II) which provided heating to the reactor across 
two 200 mm zones. A bundle of 8 thermocouples attached to a central DIA = 2 
mm stainless-steel rod was positioned along the central axis of the reactor to 
provide a temperature profile that was originally considered as a means of iden-
tifying the thermal effects associated with NH3 dissociation and oxidation. The 
reactor exit stream gas lines were heated to and maintained at ~150˚C using an 
electric heating tape to prevent condensation of water vapour. H2, O2, N2, and NH3 
were measured using a modified gas chromatograph (Agilent 78980A) while NO 
was measured using a chemiluminescent analyser (Thermo Scientific 42i-HL). 
The NO analyser requires the removal of H2O and NH3 from the gas sample be-
fore entering the analyser and this was achieved via the three-stage process: knock-
out container, water bubbler, and Perma Pure dryer (model PD-50T-12MSS). 

This experimental campaign was designed to observe the impact of initial NH3 
concentration and furnace temperature on the thermal effects during NH3 disso-
ciation and oxidation. The flow rate and equivalence ratios were fixed at 1500 
mL/min and ɸ = 1, respectively. Initial NH3 concentrations of 5%, 10%, and 15% 
were tested. Before introducing reactants into the feed, the system was purged 
with 1500 mL/min Ar and, when the temperature profile stabilised, the data ac-
quisition system was initiated and MFCs set to the desired experimental condi-
tions. A steady-state was deemed to be achieved when the temperature profile  
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Figure 2. A schematic diagram of the experimental system. 
 

was once again found to stabilise, following which the gas concentration data 
was collected. Species concentration measurement was taken 3 times to ensure 
accuracy and reproducibility of data. 

3. Results and Discussion 

Ammonia dissociation and oxidation are considered separately to understand the 
role of dissociation in the more complex oxidation reaction. The use of the ther-
mocouple bundle was intended to provide a qualitative indication of the location 
and extent of the reactions which, coupled with the NH3, O2, N2, and NO outlet 
data, provides the tools for an insightful appreciation of reaction characteristics. 

Since the temperature profile along the reactor length is a key indicator of re-
action behaviour, reference temperature profiles were collected for an inert en-
vironment with Ar passing through the reactor at a flow rate of 1500 mL/min at 
the different furnace set temperatures. These temperature profiles, as depicted in 
Figure 3, provide the baselines for the interpretation of temperature changes in 
the reactor during NH3 dissociation and oxidation. 

https://doi.org/10.4236/aces.2023.133018


S. R. Holden et al. 
 

 

DOI: 10.4236/aces.2023.133018 254 Advances in Chemical Engineering and Science 
 

3.1. NH3 Dissociation 

The reactor temperature and exit stream species concentration profiles during 
NH3 dissociation at different initial NH3 concentrations and furnace set tem-
peratures are presented in Figure 4 and Figure 5, respectively. Plots of NH3 

 

 
Figure 3. Reactor reference temperature profiles at different furnace temperatures (Ar 
flow of 1500 mL/min). 

 

 
Figure 4. Reactor temperature profiles during NH3 dissociation at different furnace temperatures for initial 
NH3 concentrations of (a) 5%, (b) 10%, and (c) 15%. 
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Figure 5. Reactor exit stream species concentration versus furnace temperature during NH3 dissociation for 
(a) NH3, (b) H2, and (c) N2. 

 
conversion, N2 yield, and H2 yield, calculated as a result of the species concentra-
tion data, are offered in Figure 6. 

It is evident that the endothermic NH3 dissociation reaction took place under 
all experimental conditions, with the conversion/yield plots following generic ‘S’ 
curves, where majority of the reaction occurred at 800 K - 900 K before comple-
tion at 1000 K. As expected, the NH3 conversion and N2 and H2 yield increased 
with increasing furnace temperature for all initial conditions. The preliminary 
NH3 dissociation experiments in a flow reactor without the presence of the 
thermocouple bundle indicated that, for a 5% NH3 in Ar feed, the dissociation 
reaction would proceed to ~1%, ~1.4%, and ~2.8% completion for furnace tem-
peratures of 1150 K, 1250 K, and 1400 K, respectively [10]. Other studies showed 
reaction onset temperatures of 1100 K - 1200 K with full NH3 conversion at 1700 
K [12] [13]. Clearly, there is a large disparity between the dataset from the pre-
sent work and those documented in the literature [10] [12] [13], indicating that 
the stainless-steel thermocouple bundle catalysed NH3 dissociation. 

The greatest change in thermocouple temperatures (∆T = reference tempera-
ture − reaction temperature) was observed at 200 mm - 400 mm for all initial NH3 
concentrations and furnace temperatures and so it is deduced that a substantial part  
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Figure 6. Conversion/yield during NH3 dissociation at different furnace temperatures for initial NH3 concen-
trations of (a) 5%, (b) 10%, and (c) 15%. 

 
of the dissociation reaction occurred in this region. The majority of the reaction 
was detected around 300 mm (start of the furnace heated zone), indicating that 
while the thermocouples located upstream of 300 mm were operating at tem-
peratures noticeably below the furnace setpoint, small amounts of NH3 conver-
sion was still occurring in this location, while positions further downstream of 
300 mm experienced endothermic heat of the residual reaction.  

At higher initial NH3 concentrations, an overall reduction in the thermocou-
ple temperatures was observed, suggesting that as the reaction was operating at 
lower temperatures, decreased NH3 conversion is expected. This is supported by 
the experimental observation herein and elsewhere [12] of lower initial NH3 con-
centrations achieving increased NH3 conversion at equivalent furnace tempera-
tures when compared to higher initial NH3 concentrations. 

Figure 7 illustrates the elemental nitrogen balance during NH3 dissociation at 
different furnace set temperatures and Figure 8 shows the corresponding H2:N2 
ratios. The nitrogen balance is defined as: 

3 2 

3

Nitrogen Balance %
Moles of NH in Product 2 Moles of N in Product

100
Moles of NH in Feed 

+ ×
= ×

      (1) 
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Figure 7. Elemental nitrogen balance during NH3 dissociation at different furnace set 
temperatures. 

 

 
Figure 8. H2:N2 ratio in the reactor exit stream as measured at different furnace set tem-
peratures. 

 
The nitrogen balance improves with increasing NH3 in the feed which is primarily 

attributed to larger GC peak area, leading to more accurate NH3 and N2 meas-
urement. The H2:N2 ratio is poor at 700 K due to little NH3 conversion and thus 
a greater uncertainty due to nearly undetectable H2 and N2 peak areas, resulting 
in enormous measurement error. Reasonable NH3 conversion occurred between 
800 K and 1000 K which is reflected by 2.9 < H2:N2 < 3.2. Given the indicative 
purpose of the findings presented in this paper and the uncertainties associated 
with the experimental setup (particularly small peak area GC measurement), the 
species concentration data can be accepted with a reasonable degree of confidence. 

3.2. NH3 Oxidation 

The reactor temperature and exit stream species concentration profiles during 
NH3 oxidation at different initial NH3 concentrations and furnace set tempera-
tures are presented in Figure 9 and Figure 10, respectively. Plots of NH3 
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Figure 9. Reactor temperature profiles during NH3 oxidation at different furnace temperatures for 
initial NH3 concentrations of (a) 5%, (b) 10%, and (c) 15%. 

 

 
Figure 10. Reactor exit stream species concentration versus furnace temperature during NH3 oxi-
dation for (a) NH3, (b) O2, (c) N2, and (d) NO. 
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Figure 11. Conversion/yield during NH3 oxidation at different furnace temperatures for initial NH3 concen-
trations of (a) 5%, (b) 10%, and (c) 15%. 

 
conversion, O2 conversion, and N2 yield, calculated as a result of the species 
concentration data, are offered in Figure 11. 

The consumption of NH3 and O2, production of N2, and overall increase in 
temperature along the reactor, suggest that the exothermic NH3 oxidation reac-
tion occurred under all conditions tested, with significant reactant conversion 
between 900 K and 1000 K. According to the temperature profiles, it appears 
that the dissociation reaction took place early in the reactor (indicated by de-
creases in temperatures at 150 mm, 200 mm, and 250 mm under some condi-
tions), while the exothermic oxidation reaction (indicated by increases in tempera-
tures) proceeds further downstream with the greatest change in temperature being 
shown at 300 mm (start of the furnace heated zone). Like the dissociation reaction, 
lower initial NH3 concentrations resulted in greater reactant conversion at equiva-
lent furnace temperatures compared to higher initial NH3 concentrations, thus 
highlighting the significance of NH3 dissociation in the oxidative environment. 

For the various NH3 feed concentrations tested (except 5% NH3 at 700 K), O2 
conversion was the highest, followed closely by NH3 conversion and subse-
quently N2 yield. As reactant conversion and product yield increase, however, 
the gap widens between the NH3 or O2 conversion and the N2 yield. This coin-
cides with the formation of N2O (observed on the GC) and high quantities of 
NO being read by the NOX analyser, which is particularly evident at 1000 K, for 
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example, where NO readings were out of the NOX analyser instrument range 
(>10,000 ppm) and a prominent new peak was observed on the GC, suggesting 
that there was a high quantity of NOX present in the product. This notion is 
supported in the nitrogen balance (calculated according to Equation (1)) which 
becomes worse with increasing temperature (and thus NH3 conversion), as in-
dicated in Figure 12. 

As the furnace set temperature and thus reactant conversion and product 
yield increased, the NO level in the exit stream (depicted in Figure 10(d)) also 
increased, which is expected as increasing temperature enhances the rate of oxi-
dation of NH3 which, in the absence of N2 in the feed stream, is the only source 
of NO. Additionally, the NO in the flue increased with decreasing initial NH3 
concentration. This is very interesting and may be attributed to NO reduction by 
NH3 at higher initial NH3 concentrations via selective catalytic reduction (SCR) 
[14] [15] [16] where the stainless-steel thermocouple bundle may serve as a 
catalyst, or by selective non-catalytic reduction mechanisms [17] [18] [19]. 

One piece of our previous work on NH3 oxidation in a flow reactor indicated 
vastly different results to those observed herein, reporting an onset reaction 
temperature of ~1300 K, and reaction completion at ~1400 K for 5.3% NH3 (at ϕ 
= 1.0) in the feed [11]. This data indicated negligible NOX formation until 1300 
K, above which NO was found to range from 350 - 600 ppm. Other papers have 
indicated the onset temperatures of reaction between 1000 K and 1200 K, and 
significantly lower NO levels than those in the present work [13] [20] [21]. The 
discrepancies between the data of other papers and that presented herein can 
only be attributed to the presence of the stainless-steel thermocouple bundle 
which catalysed NH3 dissociation and oxidation leading to lower onset reaction 
temperatures and greater NO formation. 

3.3. Interference of the Thermocouple Bundle 

A comparison of the dissociation and oxidation NH3 conversion trends, as  
 

 
Figure 12. Elemental nitrogen balance during NH3 oxidation at different furnace set 
temperatures. 
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Figure 13. NH3 conversion during dissociation and oxidation (calculated from measured 
NH3 in the exit stream) at different furnace set temperatures. 

 
depicted in Figure 13, produce some peculiar observations from this experi-
mental work. At furnace temperatures of 700 K and 800 K, the NH3 oxidation 
runs returned slightly higher NH3 conversions than the dissociation runs, how-
ever, at elevated furnace temperatures, greater NH3 conversion during dissocia-
tion than during oxidation was observed. At 900 K, for example, the NH3 con-
version in oxidation was approximately half of the NH3 conversion in dissociation 
and at 1000 K, dissociation proceeded to full completion while oxidation only ex-
perienced ~88% NH3 conversion. While the reasons underpinning these observa-
tions are only speculative, it is hypothesised that the stainless-steel sheaths of the 
thermocouples and the central stainless-steel rod to which the thermocouples 
were attached catalysed NH3 dissociation [22] and thus changed the reaction 
chemistry during NH3 oxidation. Iron is known to catalyse NH3 synthesis at 
relatively low temperatures [23] [24] [25] and catalyse NH3 dissociation at high 
temperatures [26] [27] [28] so it is not surprising that greater NH3 dissociation 
was observed. During the NH3 oxidation runs, partial NH3 dissociation took 
place before the reacting mixture reached the heating zone of the reactor assem-
bly, where the presence of H2 from NH3 dissociation is expected to have prefer-
entially reacted with O2, leaving less O2 available to oxidise the remaining NH3. 

In both dissociation and oxidation experimental runs, the heat conduction 
and catalytic effects of the stainless-steel thermocouple bundle should not be ig-
nored. Assuming the thermocouple bundle provides no catalytic activity, the 
temperature profile may not necessarily be the same should the experiments 
have been conducted without such in-situ temperature measurement as heat can 
be conducted along the thermocouple bundle thereby providing heating or 
cooling effects to the reactor gas and thus altering the reaction behaviour, as ob-
served. Additionally, it is anticipated that the stainless-steel provided a catalytic 
effect on the chemical reactions as the data presented herein shows equivalently 
higher NH3 conversion and elevated NO formation compared to other reports 
including our own previous work [10] [11] which do not utilise a thermocouple 
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bundle. Although it is expected to influence the reaction, the thermocouple bun-
dle is a simple and easy in-situ means to observe the thermal effects during NH3 
dissociation and oxidation to provide valuable insight into the location and ex-
tent of the endothermicity or exothermicity of reactions. However, future ex-
perimental work aimed to study the reaction mechanisms of NH3 oxidation and 
combustion must not use bare thermocouples in the reacting stream. 

4. Conclusion 

Ammonia dissociation and oxidation and associated NO emission in a flow re-
actor fitted with a thermocouple bundle has been experimentally observed for 
varying NH3 inlet concentrations and reaction temperatures. Both NH3 dissocia-
tion and oxidation were observed to take place between 700 K and 1000 K, with 
increasing furnace temperature resulting in increasing NH3 conversion. For NH3 
dissociation, the reactant conversion and product yield vs furnace temperature 
plots followed generic “S” curve trends with increasing furnace temperature 
leading to increasing reactant conversion and product yield. This set of experi-
ments indicated a nitrogen balance of >90% and a H2:N2 ratio of ~3 for all ex-
perimental runs, indicating strong validity of the experimental system and con-
fidence in the collected data. For NH3 oxidation, thermocouple measurements 
were able to provide insight into the reaction characteristics and demonstrated 
that NH3 dissociation preceded its oxidation. During NH3 oxidation, NO was 
observed to increase with increasing temperature, with values >10,000 ppm at 
88% NH3 conversion (1000 K). Interestingly, as temperature and thus NH3 con-
version increased, NH3 dissociation was more prominent than its oxidation 
which is expected to be largely attributed to the catalytic effect of the stainless- 
steel thermocouple bundle which has also been observed to increase NH3 con-
version and NO emission for all experiments conducted herein. This work thus 
offers an important scientific contribution in determining the characteristics of 
NH3 dissociation and oxidation in a flow reactor containing a stainless-steel 
thermocouple bundle and provides a warning for future researchers to be aware 
of the high temperature catalytic influence that stainless-steel is expected to have 
in NH3 studies. 
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