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• Kinetic experiments and CFD analysis are conducted on the NH3 decomposition within a microchannel.
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ABSTRACT
A flat-plate microreactor was designed, examined and modelled for the on-board hydrogen generation
via the ammonia decomposition reaction over CoCeAlO mixed oxide catalyst. The tested catalyst was
synthesised and immobilised using an inkjet printing-assisted self-assembly method. Inkjet printing
technology is proved to be an efficient way for the direct synthesis, deposition and rapid screening
of heterogeneous catalysts. A series of kinetic experiments were performed to analyse the influence
of reaction temperature and NH3 flow rate on the microreactor performance. Two kinetic rate ex-
pressions were developed based on the conversion data and implemented in the CFD model. The
simulation results showed good accuracy with respect to the experimental data, and the kinetic mod-
els could effectively predict the reacting flow properties along the microchannel. The microreactor
is especially designed to operate under the kinetic–control conditions with negligible mass transfer
resistance. Furthermore, the microreactor configuration eases the reassembly of the design parts and
probing the fresh catalysts for the kinetic studies.

1. Introduction
Hydrogen is considered the first potential fuel to power

polymer electrolyte membrane (PEM) fuel cells with zero
carbon emissions. PEM fuel cells generate electricity that
can be used in transportation, portable devices and electron-
ics. Although PEM fuel cell is a green technology with high
efficiency, it is sensitive to fuel impurities. Hydrogen gas is
mainly produced from reforming of hydrocarbon fuels, and
low traces of COx (5–10 ppm) can severely poison the fuel
cell electrocatalysts and significantly reduce the overall ef-
ficiency [1–3]. Furthermore, hydrogen transportation and
storage feasibility is the principal constraint to further de-
velop and commercialize the PEM fuel cell technology due
to the extremely low volumetric energy density of hydrogen
[4].

An alternative approach to remove the issues arisingwith
H2 delivery and storage is using chemical or thermal pro-
cessing of hydrogen carriers for on-demand generation of
hydrogen. Ammonia (NH3) has been repeatedly reported inthe literature as a potential H2 carrier for the on-site produc-tion of hydrogen. Ammonia has superior H2 content (17.8
wt%) and energy density compared to alternative carriers
with well-established production and transportation infras-
tructures. Furthermore, the H2 generated from NH3 decom-
position contains no traces of COx, and unreacted NH3 canbe easily removed using an absorber unit [5, 6].

Ammonia decomposition is an endothermic reaction that
yields high conversions at high temperature and low-pressure
conditions in the presence of heterogeneous catalysts. Ru-
based catalyst series were reported to show the highest activ-
ities for the ammonia cracking reaction [7]; however, numer-
ous studies have focused on enhancing the reaction conver-

∗Corresponding author.
Volfango.Bertola@liverpool.ac.uk (V. Bertola)

sions at low temperature using novel nonprecious metal cat-
alysts [6, 8–10]. Hence, the overall operation performance
can be improved, decreasing at the same time the process
temperature. In addition, using abundant, inexpensive cata-
lysts will make the ammonia technology feasible for the on-
board hydrogen generation for energy applications.

For hydrogen generation, it is desired to use compact am-
monia reformers to have a lightweight system and to con-
trol the power input and temperature easily throughout the
process [5]. Therefore, it is necessary to develop innovative
reactors for higher performance and efficient hydrogen pro-
cessing. A great variety of reactors have been developed to
immobilise solid catalysts efficiently, such as conventional
fixed-bed and fluidized-bed reactors or, more recently, using
monolithic reactors, membrane reactors and microreactors
[11, 12]. Conventional reactors usually suffer from low per-
formance, bulkiness and long transient time. New classes of
reactors such as microchannel reactors have shown promis-
ing performance in the on-demand hydrogen production for
fuel cell applications. Microreactors are compact in size and
possess high performance because of the highmixing degree
and small diffusion paths leading to higher mass and heat
transfer rates [13–15].

Furthermore, to design efficient reactors to explore the
gas–solid reaction kinetics (e.g., ammonia decomposition),
the overall process should operate under the kinetic–control
region with negligible mass transfer resistance. The kinetic
information is also necessary for the catalyst screening and
comparative study of different catalytic reactors with differ-
ent configurations. However, reliable kinetic parameters are
difficult to bemeasured in conventional reactors [16]. On the
other hand, microreactors are excellent platforms for moni-
toring the impact of fluid dynamics and mass transfer on the
kinetic rates due to the simple microscale geometry, the lam-
inar flow regime, and the accurate control over process con-
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Nomenclature

Roman Symbols
A Pre-exponential factor
ai Stoichiometric coefficient of species i
CNH3 NH3 concentration (mol/L)
CH2 Hydrogen concentration (mol/L)
CF Forchheimer drag coefficient
Cp Specific heat capacity (J kg-1 K-1)
D Molecular diffusion coefficient (m2/s)
De Effective diffusion coefficient (m2/s)
Dij Binary diffusivity of species i in j, m2 s-1

DaII Damköhler II number
DaI Damköhler I number
Ea Activation energy (J kmol-1)
F in Gas inlet flow rate
F out Gas outlet flow rate
ℎ Microchannel height
ℎ0 Porous catalyst layer height
ℎi Sensible enthalpy of species i
k Fluid thermal conductivity (W m-1 K-1)
k, kR Reaction rate constant
kapp Apparent reaction rate constant
keff Effective thermal conductivity (W m-1 K-1)
L Microchannel length
Mi Molecular weight of species i
P Pressure (Pa)
Pe Péclet number
Qin NH3 volumetric flow rate at inlet
R Universal gas constant (8314 J kmol-1 K-1)
R2 R-squared value
RNH3 NH3 decomposition rate (mol L-1 s-1)
Rr Reaction rate (mol kg-1 s-1)
T Temperature (K)
Tref Reference temperature: 25 °C
Trxn Reaction temperature (°C)
Twall Reactor wall temperature
tDe Effective diffusion time in porous zone (s)

tD Diffusion time in fluid zone (s)
tkR Characteristic reaction time (s)
tR Residence time (s)
V Velocity (m s-1)
VR Reactor volume
Vs Catalyst zone volume
W Microchannel width
ws Catalyst weight (g)
XNH3 NH3 conversion

J⃗i Diffusion flux of species i
Greek Symbols
� Fitted parameter in the Temkin–Pyzhev ki-

netic model
ΔH Enthalpy change of reaction
ΔHr Reaction enthalpy, J mol-1

� Fluid viscosity (Pa s)
!i Mass fraction of species i
� Thiele modulus
� Fluid density
�s Catalyst density
� Tortuosity
" Porosity
Acronyms
Avg. Average
CFD Computational fluid dynamics
EG Ethylene glycol
sa Self-assembly method
sccm Standard cubic centimetres per minute
Subscripts
cat Catalyst
eff Effective
in, out Inlet and outlet
R Reaction, reactor or residence
ref Reference

ditions [17]. Therefore, they are convenient for monitoring
chemical reactions and performing kinetic studies [13, 18].

There are limited experimental and/or numerical studies
on the miniaturized hydrogen generation from ammonia de-
composition in microreactors, mostly over commercial Ru-
based catalysts [2, 19–23]. Furthermore, the prior literature
on the kinetic modelling of the NH3 decomposition reaction
over nonprecious metal catalysts is scarce. Therefore, stud-
ies on the microkinetics of transitional metal catalysts are
of great interest. Deshmukh et al. [22] developed mathe-
matical and numerical models to predict hydrogen genera-
tion from a post-microreactor [19]. They concluded that the

arrangements inside the reactor play a key role in improv-
ing the reaction rate. Thus, developing simple microreactor
designs would be beneficial for the fast catalytic probe and
comparative study of ammonia decomposition kinetics and
other types of gas–solid reactions.

This work presents an integrated experimental–numeric-
al approach to design and study amicroreactor system for the
low-temperature ammonia decomposition reaction. Two ki-
netic rate expressions were developed and implemented in
the CFD model based on the experimental results. The ki-
netic parameters for the flat-plate microreactor were calcu-
lated and used based on Co0.5Ce0.1Al0.4O(sa) catalyst. The
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catalyst layer was prepared and immobilised using inkjet pr-
inting technology as a novel material synthesis/deposition
technique [24] to tune the catalyst layer composition and
morphology within the microchannel. The CFD model was
developed for the designed geometry to accurately predict
the reacting flow properties from velocity and density distri-
butions to the species mole fraction profile and outlet NH3conversions. The CFD model was solved at various reaction
temperatures and NH3 flow rates and compared with the ki-
netic data obtained from the experiments. A mass transfer
analysis was performed on the microchannel design in order
to assess the design dimensions and aspect ratios and anal-
yse the share of mass advection/diffusion and kinetic rate on
the overall microreactor performance.

2. Experimental
2.1. Preparation of the catalyst layer

The CoCeAlO catalyst sample was synthesised using the
F-127 Pluronic as a soft template. 0.5 g of triblock copoly-
mer F-127 Pluronic (Sigma-Aldrich) was added into 50 ml
of ethanol as the structure-directing agent. Certain molar ra-
tios of metal salts including Co(NO3)2·6H2O (99%, ACROS
OrganicsTM), Ce(NO3)3·6H2O (99%, Sigma-Aldrich) and
Al(NO3)3·9H2O (99%, ACROS OrganicsTM) with the over-
all amount of 5 mmol were dissolved in the solution.

In order to prepare the catalyst thin-films to be used in
the microreactor, the synthesis protocol of CoCeAlO metal
oxides using self-assembly method was coupled with inkjet
printing as illustrated in Fig. 1. Ethylene glycol (EG) was
added to the solution of F-127/metal nitrates for viscosity
and surface tensionmodifications. The ink solutionwas stirr-
ed for 1 h, sonicated for 15 minutes, and then transferred di-
rectly to the printer ink tank. Borosilicate glass slides of size
25 mmW × 75 mmLwere used for the catalyst coating. The
substrate surface was rinsed with distilled water and ethanol
(C2H6O, 99.8%, Fisher Chemical) before the printing pro-
cess to remove dust and impurities. The inkjet printing was
carried out using a modified Epson XP-335 printer, simi-
lar to previous work [25]. The precursor ink samples were
printed onto the substrate, and the process was repeated after
consecutive dryings at 70 °C for increasing the layer thick-
ness. The final printed substrate was calcined in a muffle
furnace in the air atmosphere at 500 °C for 4 h with a heat-
ing rate of 1 °C/min to obtain ≈ 0.4 g catalyst layer onto the
substrate.

Precursor solution

Inkjet printer

Calcination (500 °C)

Figure 1: Schematic illustration of synthesis and deposition
of CoCeAlO catalyst using self-assembly method coupled with
inkjet printing.
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Figure 2: 3D sections and drawings of the catalytic microre-
actor design: 1: inlet, 2: outlet, 3: glass slide, 4: threaded
holes.

2.2. Microreactor design and fabrication
The microreactor design consists of a rectangular hous-

ing for a glass substrate. The catalyst material is coated onto
the glass substrate for kinetic studies. The housing was en-
graved on a 3 mm thick stainless steel plate to fit the glass
slide using wet-chemical etching technique. To seal the re-
actor, a stainless steel plate was placed over the housing with
round connectors for gas inlet and outlet. The engraved zone
dimensions are 75 mm × 25 mm × 1.4 mm and by deduct-
ing the borosilicate glass slide volume (1 mm thickness), the
reactor zone volume can be measured: VR = 75×25×0.4
[mm3]≈ 750 �L. The 3D schematics of themicroreactor and
the geometry dimensions are shown in Fig. 2. The sealing
was strengthened by a heat-resistant sealant and securedwith
8 Allen bolts (Figure S1). The simple microchannel design
facilitates the reassembly of the microreactor parts and test-
ing fresh catalysts by replacing the glass slide. This design
feature assists in rapid monitoring and probing of catalysts
in the reaction.
2.3. Catalytic experiments

The schematic illustration of the hydrogen generation set-
up is shown in Fig. 3. The set-up includes a gas cylinder,
flow meters, fittings, valves, a heating system, ammonia ab-
sorbers, and the reactor rig. The ammonia cylinder (Am-
monia Micrographic Grade, BOC) has a two-stage pressure
controller in stainless steel, for use with corrosive ammonia
making it suitable for the analytical studies in a safe envi-
ronment. Two variable-area flowmeters were used to mea-
sure the flow of ammonia at the inlet and NH3–free crack-

NH3 Tank

PR PRV

FM

CV

H

FM

H2/N2 stream

AA

AA

Cracking
Reactor

TC

Figure 3: Layout of the hydrogen generation set-up during
the reaction tests using the tubular reactor and the microre-
actor; PR: pressure regulator, PRV: pressure reducing valve,
FM: flowmeter, CV: check valve, TC: temperature controller,
H: heater, AA: ammonia absorber.
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ing gas (N2 and H2) at the set-up outlet, respectively. Gas
flow rates were measured in standard cubic centimetres per
minute (sccm). Furthermore, the ammonia conversions were
calculated based on volumetric flowrates. The unreactedNH3was removed from the cracking product after going through
two ammonia scrubbers containing HCl solution before final
flow measurements. The NH3 conversions were then calcu-
lated based on the assumption that the gas product consisted
only of nitrogen and hydrogen gas by the following equation
[8]:

NH3 Conversion (%) = 100 ×
F out
2F in

, (1)

where Fout and Fin are the flow rates of outlet (NH3-free) andinlet gas, respectively.
TheCo0.5Ce0.1Al0.4O(sa) catalyst with the Co:Ce:Almo-

lar ratio of 0.5:0.1:0.4 was selected as the optimized catalyst
after preliminary tests in a stainless steel tube (Figure S2).
The coated substrate with ≈ 0.4 g of catalyst was placed
inside the microchannel. The weight of the printed catalyst
on the glass substrate was determined by gravimetric method
andmeasuring the empty and loaded glass slide. Afterwards,
the microreactor was closed, sealed and placed inside the ce-
ramic heating kit. The reactor and heating parts were cov-
ered with insulating materials to minimize heat losses. Fi-
nally, the preheated anhydrous NH3 gas was fed into the mi-
crochannel at different reaction temperatures and flow rates,
and ammonia conversions were recorded. The assembled
experimental set-up was placed inside a fume hood during
the reactor tests. The conversion data were recorded after
60 min of reaction run under steady-state conditions. Fur-
thermore, the catalyst went through the self-activation pro-
cess (under NH3 flow) at this step. Each conversion data
presented in this work is the average of at least three points
obtained at steady-state conditions.

3. Mathematical model
It is assumed that the fluid flow obeys the laws of motion

[26, 27], i.e., conservation of mass, momentum and scalars
for a control volume [28].

To solve the model, the equations of continuity, Navier–
Stokes, energy and species continuity are given for the free
fluid phase, as follows, respectively [29–31]:

∇ ⋅ (�V) = 0, (2)

V ⋅ ∇(�V) = −∇P + ∇ ⋅ (�∇V), (3)

∇ ⋅
(

�CpVT
)

= ∇ ⋅ (k∇T −
∑

i
ℎiJ⃗i), (4)

∇ ⋅
(

�!iV
)

= ∇ ⋅
(

�Dij∇!i
)

, (5)

where � represents the fluid density, V is velocity, P is pres-
sure, �, Cp, T and J⃗i are the fluid viscosity, specific heat
capacity, temperature and the diffusion flux of species i, re-
spectively, and k stands for the fluid thermal conductivity,
!i is the mass fraction of species i and Dij is the binary
diffusivity of species i in j. The diffusional flux of species
was solved using the full multicomponent diffusion method
based on the Maxwell–Stefan equation.

A porous medium model was provided to characterise
flow through the porous catalyst layer. In order to model
the porous medium, the Brinkman–Forchheimer formula-
tion (Eq. 7) was used to relate the mean flow velocity and the
pressure drop [31]. Thus, the governing equations of con-
tinuity, momentum, energy and species continuity are ex-
pressed as follows, respectively:

∇ ⋅ ("�V) = 0, (6)

V ⋅ ∇("�V) = −∇P + ∇ ⋅
(�B
"
∇V

)

+
�
k
V −

�"CF
k

|V|V,
(7)

∇⋅
(

"�CpVT
)

= ∇⋅

(

keff∇T −
∑

i
ℎiJ⃗i

)

+ΔHr�sRr, (8)

∇ ⋅
(

"�!iV
)

= −∇ ⋅ J⃗i +
3
∑

i=1
aiMi�sRr, (9)

whereCF stands for Forchheimer drag coefficient, keff is theeffective thermal conductivity,ΔHr is the reaction enthalpy,
�s is the catalyst density, Rr is the reaction rate and ai is thestoichiometric coefficient of species i, respectively, andMirepresents the molecular weight of species i.

The following assumptions are made for solving the gov-
erning equations:
(1) The flow stream is laminar and steady.
(2) The gas species follow the ideal gas behaviour.
(3) The volumetric homogenous reaction in the blank zone

(fluid region) is neglected.
(4) The pressure drop is negligible due to the small reactor

length.
The density of the gas mixture is expressed as

� =
pMw
RT

, (10)
where p is the operating pressure (Pa). The density, thermal
conductivity and viscosity of species i are expressed as a
function of temperature:

�i =
m
∑

k=1
CkT

k−1, (11)
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Figure 4: The schematic 3D diagram of microreactor (a) and
2D illustration (b) of the modelled geometry.

where temperature (T ) is in Kelvin and � can be �, k or �.
For gas mixtures, these properties can be calculated using
the mass-fraction weighted mixing law. All the governing
equations were solved using the commercial CFD code AN-
SYS FLUENT 17.2.
3.1. Geometry and mesh

The 2D and 3D geometries of themicrochannel are shown
in Fig. 4. Due to the large aspect ratios, i.e., L∕ℎ = 187.5 in
the flow direction andW ∕ℎ = 62.5 in the transverse direc-
tion, the 2D geometry was selected for the CFD simulations.
The surface-to-volume ratio of the microchannel is ≈ 5106
m2/m3. The 2D geometry divides into the fluid region and
an adjacent porous catalyst layer of thickness ℎ0 ≈ 66 �m.
The catalyst layer is coated onto the glass substrate at the
bottom of the microchannel as depicted in Fig. 4b.

The 2D geometry was discretized using quadrilateral un-
structuredmeshes in such away that the grid density is higher
at regionswith the higher gradients of velocity and gas species
concentration such as the free-fluid/catalyst interface. Fur-
thermore, the mesh density at the reactor inlet was increased
as shown in Fig. 5. The solutions were mesh-independent
according to the independency mesh analysis, and an opti-
mum number of grids (158572 nodes and 145826 elements)
provided sufficient accuracy and CPU cost (Figure S3).
3.2. Chemical reaction model

NH3 decomposition is an endothermic reaction, and its

Figure 5: Mesh generation of a section of the 2D modelled
microreactor geometry at inlet.

stoichiometric equation can be written as follows:

NH3(g) ⇌
1
2
N2(g) +

3
2
H2(g),

ΔH = 46 kJmol−1 at Tref = 25 °C ⋅
(12)

3.2.1. Model I
A pseudo first order kinetic model for the ammonia de-

composition was proposed assuming that the reaction rate
is independent of H2 concentration when the system is op-
erated around the atmospheric pressure. Based on this as-
sumption, theNH3 decomposition rate usingCo0.5Ce0.1Al0.4-O(sa) catalyst in the microreactor can be modelled and ex-
pressed as:

RNH3 = A exp
(

−Ea
RT

)

CNH3 = kRCNH3 . (13)

Here, RNH3 , A and Ea are the NH3 decomposition rate
(mol L-1 s-1), pre-exponential factor and the activation en-
ergy (J kmol-1), respectively, and kR and CNH3 are the re-
action rate constant (1/sec) and NH3 concentration (mol/L),
respectively. In this model, the residence time, tR is defined
based on the catalyst zone volume, where the reaction is ac-
tive, and is given as:

tR =
Vs
Qin

=
ws
�sQin

, (14)

where Vs, ws and Qin are the catalyst zone volume, the cat-
alyst weight and the NH3 volumetric flow rate at inlet, re-
spectively, and �s is the catalyst density, approximated to
3.21 g/ml. This model is labelled Model I.
3.2.2. Model II

A second kinetic model to satisfactorily express the reac-
tion rate of ammonia decomposition kinetics can be defined
as:

RNH3 = kR
⎡

⎢

⎢

⎣

(

C2NH3
C3H2

)�

−
CN2
K2
eq

(

C3H2
C2NH3

)1−�
⎤

⎥

⎥

⎦

(15)

This equation is based on the Temkin–Pyzhev model [32,
33]. However, the species compositions are expressed as
concentration values (mol/L) instead of partial pressures (Pa).
Furthermore, the equilibrium constant,Keq, has high valuesat elevated temperatures. Therefore, the second term in Eq.
15 expressing the reverse reaction is neglected in this model,
and the final expression is given as:

RNH3 = kR
⎡

⎢

⎢

⎣

(

C2NH3
C3H2

)�
⎤

⎥

⎥

⎦

, (16)

: Preprint submitted to Elsevier Page v of xi



Table 1
CFD simulation conditions and geometry dimensions for the
base case in the flat-plate microreactor

Geometry

Microchannel length, L (mm) 75
Microchannel width, W (mm) 25
Microchannel height, h (�m) 400
Porous layer thickness, h0 (�m) 66
Reactor volume, VR (cm3) 0.75

Catalyst layer conditions

Porosity, " 0.4
Viscous resistance, 1/m2 7 × 1010 [34]
Inertial resistance,1/m 20 [35]
Catalyst density, �s (g/ml) 3.21

Inlet conditions

Composition, Xi (%) ≈ 100% NH3
⋆

Flow rate, sccm gcat
-1 60–1000

Avg. velocity, m/s 0.04–0.66
Temperature, T (°C) 350–590
⋆ Inlet NH3:H2:N2 species mole fractions were set to
0.998:0.001:0.001 to achieve CFD convergence.

where CH2 is the hydrogen concentration and � is a fit pa-
rameter. This model is labelled Model II.

The activation energy was measured based on the exper-
imental data obtained for the Co0.5Ce0.1Al0.4O(sa) catalystat low ammonia conversions within the temperature range
of 350–450 °C (Figure S4). The rate constants in both mod-
els as well as � were fitted according to the experimental
data recorded at 550 °C reaction temperature, and calculated
for other reaction conditions using the Arrhenius equation
(k = Ae−EaRT ).
3.3. Simulation and solution conditions

The NH3 gas flows into the microreactor at the inlet as
a uniform/flat velocity. At the outlet, atmospheric pressure
was assumed, and a constant temperature was set for the
reactor walls (Twall) and the free-fluid phase and catalyst
zone (isothermal condition). The no-slip boundary condi-
tion was also imposed at each microreactor wall. The under-
relaxation factors for pressure, momentum, density, energy,
and gas species were 0.5, 0.5, 1, 0.75 and 0.75, respectively.
The coupled algorithmwas applied for pressure-velocity cou-
pling where the convergence scaled residuals were restricted
to a relative tolerance of 10-5 for continuity, momentum and
species variables and 10-8 for the energy equation.

4. Results and discussion
In order to apply the CFD modelling to the microreactor

design and represent the numerical model results, the two
kinetic rate models introduced above are developed based
on the experimental data. The isothermal kinetic studies on
the effects of NH3 flow rate and reaction temperature on the
performance of the flat-plate microreactor are then presented
and discussed. The model geometry and CFD simulation
conditions are listed in Table 1 for the base case.
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Figure 6: Comparison of experimental and modelled
NH3 conversions for different reaction temperatures over
Co0.5Ce0.1Al0.4O(sa) catalyst (200 sccm gcat

-1).
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Figure 7: Comparison of experimental and modelled NH3 con-
versions for different NH3 flow rates over Co0.5Ce0.1Al0.4O(sa)
catalyst at 550 °C.

4.1. Kinetic models
The reaction rate of ammonia decomposition catalysed

by Co0.5Ce0.1Al0.4O(sa) catalyst was modelled by two ki-
netic expressions as given in Section 3.2. The reaction rate
constants were calculated using both models, and the model
parameters were fitted by the experimental data obtained, as
given in Table 2.

The reaction rate obtainedwithModel I follows a pseudo-
first order model for the ammonia decomposition reaction
under low pressures. The effect of the reverse reaction and
hydrogen inhibition, which slows down the reaction rate, is
ignored. Model II is based on the Temkin–Pyzhev model;
however, the effect of the reverse reaction is ignored (second
term). The � value was measured to be � = 0.27, similar to
the previous reports by Amano et al. (� = 0.3) [36] and
Prasad et al. (� =0.27) [37] over Ru/Al2O3 catalysts.
4.2. Effect of reaction temperature and NH3 flow

rate
Fig. 6 displays the effect of reaction temperature on the

ammonia conversion for a 200 sccm gcat-1 NH3 flow rate.
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Table 2
Kinetic parameters of the modelled reaction rates used in the simulations of the flat-plate
microreactor.

Model Kinetic rate kR (550 °C) A [⋆] Ea (J kmol-1) �

I kRCNH3 34.2 [s-1] 5.03 × 109 1.28 × 108 -

II kR

[

(

C2NH3
C3H2

)�
]

0.083 [(mol
L
)�+1s−1] 1.22 × 107 1.28 × 108 0.27

⋆ The pre-exponential dimension is the same as the rate constant (kR).

(a)

(b)

Figure 8: Parity plots showing the model measured NH3 con-
versions against experimental data of Figures 6 & 7 for the
best fit of rate expressions: Model I (a) and Model II (b).

The conversion results were calculated from the speciesmole
fraction mass-weighted average values at the microreactor
outlet. The reaction had higher conversions at elevated tem-
peratures with a drastic jump for the temperature range 450–
550 °C. Accordingly, high conversions (XNH3 > 99%) were
observed for T rxn > 550 °C temperatures. The validation
of the two kinetic models is also given in Fig. 6. The NH3conversions appear to be adequately predicted especially at
temperatures higher than 450 °C. The reaction rate obtained
using Model II had a better agreement with the experimen-
tal data compared to that of Model I in the lower temperature
range.

Fig. 7 displays the CFD results of two reaction rate mod-
els vs. NH3 flow rate. Both models showed satisfactory
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Figure 9: Comparison of experimental and modelled NH3 con-
versions for different NH3 flow rates and reaction temperatures
(420, 500 and 550 °C).

fits to the experimental data obtained for Co0.5Ce0.1Al0.4-O(sa) catalyst at 550 °C for different NH3 flow rates. The
experimental data and predicted data from two different ki-
netic models are given in Fig. 8 as parity plots. The empiri-
cal NH3 conversion values showed good linear relationshipswith the simulation data, with an R2 of 0.992 and 0.995 for
Model I and Model II, respectively. Therefore, both kinetic
models could predict the experimental results with high ac-
curacy. Model II was selected for further comparisons in this
work.

The ammonia conversions against inlet flow rates in the
microreactor are given in Fig. 9 at three different tempera-
tures (420, 500 and 550 °C). The Model II rate expression
was used in the numerical solutions and the measured con-
version values are displayed. The developed model could
show a good agreement with the experimental data even at
lower temperatures.
4.3. Fluid properties, reaction rate, and species

distributions
The mole fraction distributions of reactant and products

along the microchannel calculated using Model II are shown
in Fig. 10. This figure indicates exponential changes in the
mole fraction of NH3, H2 and N2 as the reaction proceeds
along the microreactor. The species mole fraction gradients
are higher in the first 1/5 length of the microreactor, and de-
crease as the gas flow approaches the microreactor outlet.
The cracking product includes H2 as the main species, N2,
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Figure 10: Average mole fraction distribution of NH3, H2 and
N2 along the microreactor (Model II; 200 sccm gcat

-1; 550 °C).

and traces of unreacted NH3 distributed based on stoichio-
metric molar ratios.

The numerical results of gas flow velocity and density
fields at 550 °C are illustrated in Fig. 11a. It can be observed
that there is an increase in flow velocity along the reactor
length. This is caused by the ammonia cracking process in
the reaction zone, consequently, prompting gas expansion
due to the gas species generation. Furthermore, a sudden
increase in velocity appeared near the microreactor entrance.
This result was expected because the reaction rate is at its
peak in this region, as shown in Fig. 12, leading to an abrupt
increase in the number of gaseous moles. The axial velocity
component approaches the fully-developed profile quickly,
which can be observed in the free-fluid zone (Fig. 11b). The
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Figure 11: (a) Average velocity and density distributions along
the microreactor; (b) contour of the velocity magnitude in the
vicinity of the microreactor inlet in the x − y plane (Model II;
200 sccm gcat

-1; 550 °C).
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velocity profile in the porous catalyst zone is uniform with
small magnitudes along the microchannel except at the inlet
and in the region around the fluid–porous interface, where a
small convective fluid flow exists.

The contour plot of ammonia conversion inside the mi-
croreactor, as well as the kinetic rate and the NH3 conver-
sion distributions are shown in Fig. 12. The highest con-
centration gradients of ammonia were observed near the mi-
crochannel inlet where the reaction rate is high, while the
profile of species concentrations becomes flat where it ap-
proaches the microreactor outlet.

Fig. 13 displays the NH3 concentration distributions in
the bulk fluid phase and in the porous zone at four different
axial positions, x ≈ 300–4100�m, from themicroreactor in-
let. Data were obtained using the Model II rate expression at
550 °C with 200 sccm gcat-1 NH3 feed. The y-axis in the fig-ure is the dimensionless transverse location of NH3 species(y/h), and the plotted graphs show the local NH3 concentra-tions, diffusing from the fluid phase into the porous catalyst
layer. The concentration gradients are relatively small, how-
ever, sharper at the inlet and get smaller along the x-axis
from x = 300 to 4100 �m. This confirms that the reaction
rate and mass transfer are higher at the entrance of the mi-
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Figure 13: NH3 concentration profile in the transverse direc-
tion (dimensionless channel height, y/h) at various axial x lo-
cations (Model II; 200 sccm gcat

-1; 550 °C).
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Table 3
Characteristic time scales and related dimensionless numbers for the microreactor operating
conditions.

Name Symbol Definition Values

Residence time tR VR∕Qin 0.11–0.56 s

Characteristic reaction time tkR 1∕kapp 0.012 s

Diffusion time (fluid) tD ℎ2∕D 5.71 × 10−3 s
Effective diffusion time (porous) tDe ℎ20∕De 9.7 × 10−4 s

Péclet number Pe tD∕tR 0.01–0.051

Damköhler I number DaI tR∕tkR 9.2–46

Damköhler II number DaII tD∕tkR 0.47

Thiele modulus � (tDe∕tkR )
0.5 0.28

croreactor and the NH3 conversion occurs mostly within this
region.
4.4. Mass transfer study

This section studies the diffusion/kinetic rate of the re-
acting flow in the fluid phase and within the porous catalyst
layer, in order to analyse the mass transfer influence on the
overall process efficiency. Generally, the NH3 molecules are
advected by the flow stream in the x-direction, parallel to the
catalyst zone, and diffuse transverse to the flow streamlines
to reach the active sites on the catalyst surface. The crack-
ing products are then detached from the catalyst surface and
join the gas mainstream through desorption and diffusion
processes. Therefore, comparative assessment of these pro-
cesses is essential from the point of view of their respective
time scales. The schematics of the microreactor domains,
the coordinate system and the microchannel dimensions are
sketched in Fig. 14.
4.4.1. Characteristic time scales

Characteristic time scales are required in order to char-
acterise the advective transport and diffusion inside the fluid
phase and within the porous zone:
i) Residence time: tR = VR∕Qin, where VR is the reactor
volume and Qin is the volumetric flow rate at inlet. For the
flat-plate microreactor, VR = 75×25×0.4 [mm3]≈ 0.75 cm3,
andQin is 80–400 sccm; therefore, tR range can be assumed
to be 0.11–0.56 s.
ii) Characteristic reaction time: tkR = 1∕kapp, where kappcan be estimated for a pseudo-first order reaction. In order to
set a value for tkR , the highest kapp, i.e., the fastest reaction
rate was obtained from the Model I rate expression in the

h

h0

Free–fluid

Porous layer

y

x
Flow stream

Figure 14: Schematic representation of the flow stream, coor-
dinate system and part of the microreactor geometry domains.

CFDmodel. Accordingly, the reaction rate at 590 °C (kapp =
81.8 1/s) was selected, which yields tkR ≈ 0.012 s.
iii) Diffusion time (fluid zone): tD = ℎ2∕D, where ℎ is
the microreactor height (fluid + porous zones) and D is the
molecular diffusion coefficient. tD is the required time for
the molecular transport process to traverse the gas species
across the microchannel gap. For ℎ = 400 �m and D ≈
2.8 × 10−5 m2/s [31], tD is equal to 5.71 × 10−3 s.
iv) Effective diffusion time (porous zone): tDe = ℎ02∕De,where ℎ0 is the catalyst layer height, and De = D"∕� is theeffective diffusion coefficient, where " and � are the porosity
and tortuosity of the porous layer. Assuming ℎ0 = 66 �m,
" = 0.4 [38] and � = 2.5 [39], tDe equates 9.7 × 10−4 s.
4.4.2. Dimensionless numbers

To characterise the mass transfer and kinetic rates within
the fluid and porous zones, relevant dimensionless numbers
were defined as i) Pe: Péclet number is the diffusion to res-
idence times ratio; ii) DaI: Damköhler I number is the res-
idence (flow) to kinetic times ratio; iii) DaII: Damköhler
II number is the diffusion to kinetic times ratio, and iv) �:
Thielemodulus is the internal diffusion to kinetic times ratio.

These dimensionless numbers are generally used to fully
assess the fluid–solid chemical reactors. The proposed char-
acteristic time expressions, dimensionless numbers and their
corresponding values are listed in Table 3.
4.4.3. Mass transfer: discussion

Based on previous studies on transport phenomena in
micro-processes by Kockmann et al. [40], the species con-
centrations are rather uniform in the transverse direction (y-
axis) in the microchannels, when Pe & DaII < 1. The pa-
rameters of the microreactor described in the present work
meet these criteria (Pe = 0.01 − 0.051 & DaII = 0.47). Inother words, the molecular diffusion time scale is lower (i.e.,
faster diffusion) than both the chemical reaction and the res-
idence time; therefore, the ammonia decomposition reaction
is kinetic–limited within the examined range in the microre-
actor model. The mass transfer influence within the porous
zone was characterised by the Thiele modulus. The internal
mass transfer can be neglected for � < 1 [41]. Thus, the
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Figure 15: Damköhler II vs. Péclet diagram showing the dom-
inance of mass transport and kinetic rates: e.g., the kinetic
control region (grey area) and mass transport control area
(top-right).

internal mass diffusion is negligible in the case under con-
sideration (� = 0.28), and the reaction rate in the porous
catalyst layer controls the overall process. Decreasing the
porous zone height (ℎ0) will reduce the effective diffusion
time (tDe ), and will further reduce the impact of internal
mass transfer (� << 1).

Fig. 15 better describes the physical meaning of dimen-
sionless numbers and their interpretations for the limiting
diffusion/kinetics factors in the microreactor process. Ac-
cordingly, the kinetic result of the current system at the high-
est rate falls within the kinetic–control region shown as a
grey rectangle where both Pe and DaII are < 1. Further-
more, the iso–DaI lines define the high (top-left) and low
(bottom-right) reaction conversion regions. In the present
work, DaI = 9.2–46, therefore the system operating param-
eters are close to the full conversion region within the kinetic
control area. Thus, the ammonia decomposition reaction in
the proposed microreactor can be safely assumed to be in
the kinetic–control region without mass transfer limitations
under the tested operating conditions.

5. Conclusions
An ammonia cracking microfluidic system was devel-

oped to generate hydrogen over a nonprecious metal mixed
oxide catalyst. The microchannel was studied using a com-
bined experimental–numerical approach. The NH3 conver-sions could reach over 99% in the microreactor at 550 °C
for a 200 sccm gcat-1 feed flow rate. Two kinetic rate ex-
pressions were developed for the Co0.5Ce0.1Al0.4O(sa) cata-lyst from the experimental data: a pseudo-first order model
(model I) and a modified Temkin–Pyzhev model (model II).
The kinetic rates were then compiled in the CFD model of
the flat-plate microreactor. The CFD model gave a satisfac-
tory prediction of the NH3 conversions from both models
based on the experimental data. The mass transfer study for
the flat-plate microreactor revealed that the operating condi-

tions for the microreactor at the highest rate fall within the
region where both Pe and DaII numbers are < 1. There-
fore, the microreactor aspect ratios (e.g., ℎ∕ℎ0 and L∕ℎ) areoptimal for the ammonia decomposition reaction, and the
system can be assumed to operate within the kinetic–control
region without mass transfer limitations. The experimental
arrangements in this study can be effectively applied to in-
vestigate other types of fluid–solid reactions. Furthermore,
the inkjet printing technology can be further utilised for the
rapid probing of multicomponent catalysts in the chemical
reactors.
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