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Abstract: The hydrogen production from ammonia decomposition on commercial 5 wt.% Ru/C (C:
activated carbon) catalyst with different cesium (Cs) loadings at lower temperatures of 325-400 °C
in the fixed-bed reactor was experimentally investigated. Based on the parameters used in this
work, the results showed that the ammonia conversion at 350 °C is increased with the increasing
Cs/Ru molar ratio, and it reaches its maximum value at the Cs/Ru molar ratio of 4.5. After that, it is
rapidly decreased with a further increase of Cs/Ru molar ratio, and it is even smaller than that of
the pure Ru/C case at the Cs/Ru molar ratio of 6. The Cs promotion at the lower Cs/Ru molar ratios
may be due to the so-called “hot ring promotion”. The possible mechanisms for Cs effects on the
ammonia conversion at higher Cs/Ru molar ratio are discussed. At optimum Cs loading, the results

showed that all the ammonia conversions at 400 °C are near 100% for the GHSV (gas hourly space
velocity) from 48,257 to 241,287 mL/(h-gca).

Keywords: hydrogen production; NHs decomposition; optimum Cs/Ru loading; Ru/C catalyst;
fixed-bed reactor

1. Introduction

Ammonia is considered as a promising energy carrier and is expected to play a
sustainable role in future energy scenarios [1]. Ammonia provides a vast potential for the
storage and transportation of renewable energy and is viewed as a green fuel for vehic-
ular applications, since ammonia can be converted to hydrogen for the uses in the fuel
cells, internal combustion engines, or gas turbines [2,3]. So far, a high proportion of the
world’s hydrogen comes from the reforming of fossil fuels [4]. There are major tech-
niques for hydrogen production from fossil fuels: steam reforming, partial oxidation,
autothermal reforming, and dry reforming [4-11]. However, the undesirable by-products
of COx (x =1, 2) are also generated during the fuel reforming process. The CO at low
concentration could degrade the electrodes of the proton-exchange membrane fuel cell
[12,13]. The CO:2 is the major greenhouse gas. The research attention has been focused on
eliminating or reducing CO: emission during the reforming process [14-16]. Hydrogen
production from NHs has received attention because there is no COx generation [17]. For
the on-site hydrogen supplier, it is desired that the temperature is as low as possible for
less input energy required and safety concern.

The effects of active catalyst (Ru, Rh, Pt, Pd, Ni, Fe) and support (CNTs, AC, Al2Os,
MgO, ZrO:, TiO2) on the ammonia decomposition for the production hydrogen were
studied by Yin et al. [18]. It was shown that the Ru catalyst is the most active catalyst, Ni
has the best catalytic activity among non-noble catalysts, and CNTs are an excellent
support for the catalyst. A ruthenium-impregnated anodic aluminum catalyst for use in
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microreactors for the hydrogen production from ammonia was studied by Ganley et al.
[19], and they found that the ammonia conversion of 99% was obtained at 600 °C for the
inlet flow rate of 145 cm?. The effect of the carbon support on the catalytic ammonia de-
composition over Ru/carbon catalysts was studied by Li et al. [20]. They found that the
catalytic activity is ranked as Ru/GC (graphitic carbon) > Ru/CNTS (carbon nanotubes) >
Ru/CB-S (carbon black).

Ammonia decomposition by using Ru-carbon catalyst in a membrane reactor with
Pd membrane walls for the hydrogen separation was studied by Carcia-Garcia et al. [21].
They found that ammonia conversion of 100% is reached at a low temperature of 640K.
Ammonia decomposition in a membrane reactor consisting of a Ru/y-AlOs/a-Al:Os cat-
alytic and a silica separation layer was proposed by Li et al. [22]. Their results showed
that with Hz extraction, the NHs conversion increased from 68.8 to 74.4% due to the H2
permeation through the membrane. Ammonia decomposition over the carbon-based
ruthenium catalyst promoted with barium or cesium was studied by Rardg-Pilecka et al.
[23]. They found that the reaction rates over Cs—-Ru/carbon are higher than those over Ba—
Ru/carbon for temperature range of 370-400 °C.

The NHs decomposition kinetics on supported Ru clusters was studied by Zheng et
al. [24]. They found that the decomposition rate over Ru nanoparticles showed a strong
dependency on mean crystallite size and the optimum appeared at dru = 2.2 nm. Pro-
moted Ru on high-surface area graphite for miniaturized hydrogen production from
ammonia was investigated by Sorensen et al. [25]. Their results showed that the catalytic
activities were determined for different promoters and promoter levels on graph-
ite-supported ruthenium catalysts. Monolithic microfibrous Ni catalyst co-modified with
ceria and alumina for hydrogen production via ammonia decomposition was studied by
Liu et al. [26]. They showed that roughly 20 W power output hydrogen (220 mL/min)
could be achieved with >99% ammonia conversion in a bed volume of 0.9 mL at 650 °C.

The ammonia decomposition over a Ni-Pt/AL2Os catalyst was studied experimen-
tally by Chellappa et al. [27]. Their results showed that a first-order rate expression pro-
vides an adequate fit of the experimental data over the range of 520-690 °C. A miniature
NHs cracker based on Ni-CeO2/ALOs catalyst for fuel cell supplies was studied by Wang
et al. [28]. They showed that ammonia conversion of >99.9% was obtained at 600 °C and
an 1100 sccm feed gas rate. Ni on alumina-coated cordierite monoliths for Hz production
from ammonia is investigated by Plana et al. [29]. Their results showed that a complete
conversion of pure NHs was achieved at a temperature as low as 600 °C. Zhang et al. [30]
used nano-sized Ni/ALOs catalyst promoted with La. They showed that the NHs con-
version is about 96.9% at 550 °C and GHSV (gas hourly space velocity) of 30,000
mL/ (8carh)

Analysis of ammonia decomposition reactor for fuel cells was studied by Alagharu
et al. [31]. It was shown that the reactor has a sharp temperature decrease due to endo-
thermic reaction. The numerical study on the hydrogen production from ammonia de-
composition using Ni-Pt/Al2Os as catalyst in a packed-bed reactor was performed by
Chein et al. [32]. It was found that the inlet NHs volumetric flow rate is an important
factor that determines the reaction temperature and decomposition efficiency in addition
to the catalyst type and weight. Low-temperature Hz production from ammonia using
ruthenium-based catalysts was investigated by Hill et al. [33]. It was shown that the high
conductivity of graphitized carbon nanotubes allows for greater electronic modification
of the ruthenium nanoparticles by cesium located in close proximity.

An metal-organic framework templated approach for designing ruthenium-cesium
catalysts for hydrogen generation was investigated by Hu et al. [34]. Their results
showed that the cesium promoter acts as an electronic modifier of Ru and also as a mo-
lecular spacer enhancing the stability under reaction conditions. Ammonia decomposi-
tion enhancement by Cs-promoted Fe/Al:O:s catalysts was studied by Parker et al. [35]. It
was shown that at all loadings of Cs investigated, the activity of the Fe/Al:Os catalysts
was enhanced, with the optimum Cs:Fe being ca. 1. The highly efficient ammonia de-
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composition using novel high-entropy alloy catalysts made of earth-abundant elements
was reported by Xie et al. [36]. It was revealed that the much enhanced dispersion of Ru
nanoparticles, high density of surface base sites, and strong interaction between Ru na-
noparticles and c-MgO all benefit the highly efficient Ru/c-MgO catalysts.

Other recent articles for the ammonia decomposition using the Ru-based catalysts
were reported [37—42]. Since Ni was shown as the best catalytic activity among
non-noble catalysts for NHs decomposition [18], the recent articles were reported [43—
46]. A review on ammonia decomposition catalysts, support, and promoter for on-site
hydrogen generation was given by Yin et al. [47]. A review on catalysts for NHs decom-
position was provided by Schuth et al. [48]. A recent review on the low-temperature
ammonia decomposition catalysts for hydrogen generation was given by Mukherjee et
al. [49]. A review on the reactor technology options for distributed hydrogen generation
via ammonia decomposition was provided by Chiuta et al. [50].

The optimal condition for the ammonia decomposition was found at a Cs/Ru weight
ratio of 3, where the Ru/C was prepared from RuCls or Ru(NO)(NOs)s and carbon pow-
der [51]. The effect of Cs loading on the performance of ammonia decomposition in the
fixed-bed reactor was re-examined, where the commercial 5 wt.% Ru/C catalyst was used
in this work. The Cs promotion mechanism at a lower Cs/Ru molar ratio and the possible
mechanisms for Cs effects on the ammonia conversion at higher Cs/Ru molar ratio were
discussed.

2. Results and Discussion

To examine the distributions of promoter Cs and catalyst Ru on the carbon support
during the blending processes of mixing the Cs with Ru/C, the scanning electron mi-
croscopy (SEM) was used to observe the surface structure of catalyst particles and to fa-
cilitate the maps analyses of elements through the energy-dispersive spectroscopy (EDS).
The SEM image and maps of elements for the overall molar ratio Cs/Ru = 4 are shown in
Figure 1a-d. Here, the overall molar ratio of Cs/Ru =4, for instance, means that 38.6 mg of
dry CsNOs powder and 100 mg of dry 5 wt.% Ru/C powder in this work were taken to
mix with water during the blending process so that the overall molar ratio of Cs to Ru is
4. After the blending processes between the promoter Cs and Ru/C, 64.16% of the particle
sizes are found between 18.5 and 74 um. The average size of Ru-Cs/C particles is 42.30
um. The SEM image given in Figure 1la shows that a wavy surface structure of Ru-Cs/C
particles with the slope of surface texture at about 53° can be seen. The width and height
of this image are about 42 and 34 um, respectively, which is smaller than the average size
of particles. The map of element C through EDS in Figure 1b basically matches the sur-
face texture in Figure la. The bright spots in the maps of elements Ru and Cs in Figure
1c,d, respectively, are uniformly distributed in the whole picture. This indicates that the
uniformities of both Ru and Cs particles on the carbon support are good.
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Figure 1. The SEM image and maps of elements for the overall molar ratio of Cs/Ru =4, (a) SEM
image, (b) map of element C, (c) map of element Ru, and (d) map of element Cs.

The SEM image and maps of elements for the overall molar ratio of Cs/Ru = 6 are
shown in Figure 2a—d. The SEM image given in Figure 2a shows an uneven and wavy
surface structure of Ru-Cs/C particles with a near horizontal surface texture. The bright
spots for the map of element C in Figure 2b reflect the surface texture characteristics in
Figure 2a. Both the uniformities of bright spots for the maps of elements Ru and Cs in
Figure 2¢,d, respectively, are good throughout the whole pictures. This indicates that the
Cs particles could be uniformly distributed on the carbon support during the blending
processes for mixing the promoter Cs with the catalyst Ru/C, even at a higher molar ratio
of Cs/Ru = 6.

C Kal 2
(b)

CsLal

(d)
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Figure 2. The SEM image and maps of elements for the overall molar ratio of Cs/Ru = 6, (a) SEM
image, (b) map of element C, (c) map of element Ru, and (d) map of element Cs.

The maps of elements for the overall molar ratios Cs/Ru of 0, 2, 4, and 6 cases are
obtained. The percentage of atom numbers for each element of C, Ru, and Cs in each SEM
picture is shown in Table 1. It is shown that when the overall molar ratios of Cs/Ru are 2,
4, and 6, the actual molar ratios of Cs/Ru found in the SEM pictures with a unit area of
only 1430 um? are 2.07, 4.21, and 6.15, respectively. This indicates that the molar ratio of
Cs/Ru at the micro-scale matches closely with the overall molar ratio of Cs/Ru at the
macro scale. This shows that even at the micro-scale, the molar ratio of Cs/Ru is still
maintained at nearly the same as the overall molar ratio during the blending processes in
this work.

Table 1. The percentage of atom numbers for each element of C, Ru, and Cs in SEM pictures.

Overall Ratio of Cs/Ru 5 1 6
Percentage of Atom Numbers
C (%) 99.50 97.76 96.51 94.13
Ru (%) 0.50 0.73 0.67 0.82
Cs (%) 0 151 2.82 5.04
molar ratio of Cs/Ru in each SEM picture 0 2.07 4.21 6.15

The EDS (energy-dispersive X-ray spectroscopy) spectrum was used for the ele-
mental composition analysis of samples for Ru-Cs/C particles, and it is shown in Figure 3
for Cs/Ru =4 and Cs/Ru = 6. There are some other impurities such as Na, Cu, and O in the
catalyst except for the elements of C, Ru, and Cs. The impurities most likely come from
the commercial products of 5 wt.% Ru/C catalyst and CsNOs powder during their prep-
arations, since our blending processes are simple, as shown in Section 3.1. The impurity
elements also may enter into the carbon crystallite and make the carbon signal become
less visible, as shown later in Figure 5.
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Figure 3. The EDS (energy-dispersive X-ray spectroscopy) spectrum of Ru-Cs/C particles for (a)
Cs/Ru =4 and (b) Cs/Ru = 6.

The chemical reaction for ammonia decomposition is the following:
NHs - 1+ N2+ 3H,,  AH=+46.4k]/mol. 1)
The ammonia conversion is defined as:

Ammonia conversion = . . 2)
ncon/ Nin

where 1,, and n;, are the ammonia consumption rate (mol/min) and the inlet flow
rate, respectively.

When the reactor is filled with Ru-Cs/C catalyst, the effects of overall molar ratio
Cs/Ru on the ammonia conversion at the temperature of 350 °C under ammonia inlet
flow rates of 6 and 12 mL/min are shown in Figure 4. The results show that the ammonia
conversion increases with the increasing of overall molar ratio of Cs/Ru until the maxi-
mum value is reached at the overall molar ratio of Cs/Ru = 4.5. This holds for both am-
monia inlet flow rates of 6 and 12 mL/min. The conversion for pure Ru/C is about 48% for
the inlet flow rate of 6 mL/min, and the maximum conversion is about 77% at Cs/Ru =4.5,
which is 60% larger than that of the pure Ru/C case. When the molar ratio Cs/Ru is larger
than 4.5, the results show that the ammonia conversion decreases more quickly with the
increasing of overall molar ratio Cs/Ru. It was found that the ammonia conversion at
Cs/Ru = 6 is smaller than that of the pure Ru/C case for both flow rates. This indicates that
adding too much promoter Cs on the Ru/C catalyst does not result in any benefit to the
ammonia conversion.

There are some factors that affect the performance of ammonia decomposition for
the Ru/C catalyst. One beneficial factor for the performance is that the N2 dissociating
barrier is reduced by the promoter of the Cs atoms, surrounding around the Ru crystal-
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lite and adsorbed on the carbon substrate [52]. Some other factors are the transport re-
sistance for NHs gas diffuse to the Ru surface, the resistance for the electronic conducting
from the N2 dissociating site to the carbon surface, and new compound formation. For
low Ru loading of the 5 wt.% Ru/C catalyst, the Ru crystallites are well dispersed on the
carbon surface.

When the Cs/Ru loading is lower, the mechanism for the improvement of NHscon-
version is basically the same as that for ammonia synthesis. This is so-called “hot ring
promotion” (electronic) [52,53], where the Ru crystallite is surrounded by the Cs atoms
that form a single layer of ring structure. Since the N: dissociating barrier is the
rate-limiting step [54], the promotion occurs at contact points between the Ru crystallites
and Cs atoms [52]; that is, the electronics produced from the N2 dissociating sites are
easier to reach the carbon substrate.

When the Cs/Ru loading is higher, the Cs atoms surrounding the Ru crystallite are
increasing. The transport resistance becomes pronounced due to the reduction of contact
area between Ru and NHs gas, and the reaction sites are reduced. Since we did not find
the new compound formation from Figures 3 and 5 for molar ratio of Cs/Ru = 6, the de-
creasing of ammonia conversion for molar ratio Cs/Ru > 4.5 may be attributable to re-
markable increasing of the transport resistance and the electronic conducting resistance
as well as the reduction of reaction sites. The picture that that the Cs atoms form a single
layer of ring structure at the carbon substrate for the low Cs/Ru loading may be needed to
modify for the high Cs/Ru loading. This suggests that the information about the detail
structure between the Cs atoms on Ru crystallite and carbon substrate is needed to well
realize the mechanism at a higher molar ratio of Cs/Ru.

80
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NH, conversion (%)

40

307 —e— 6 mimin

—O0— 12 ml/min

20 T T T T T T T

o
-
N
w
N
(6]
(o]
~

Cs/Ru molar ratio

Figure 4. The variation of overall molar ratio Cs/Ru on the ammonia conversion using Ru/C cata-
lyst at temperature of 350 °C and Ru loading of 1.39 mg.

To further understand the role of Cs in the ammonia decomposition reaction, the
X-ray diffraction (XRD) study was performed to examine the phase formation after the
Ru-Cs/C catalyst had been used for the ammonia decomposition. The XRD patterns for
Ru/C catalyst promoted with different molar ratios of Cs/Ru are shown in Figure 5. For
the pure Ru/C catalyst (Cs/Ru = 0), there are two big peaks (20 = 23°, 42°) that are at-
tributable to carbon particles, and there is no visible peak for Ru particles. As indicated
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by Li et al. [20], this is due to the fact that the Ru particles are highly dispersed on the
carbon supports with sizes of about 2-5 nm.

Intensity (a.u.)

Cs/Ru=0

20 30 40 50 60 70 80 90 100 110
20 (degree)

Figure 5. The XRD patterns for Ru/C catalysts promoted with different overall molar ratios of
Cs/Ru at a reaction temperature of 350 °C.

The XRD pattern with a Cs loading of Cs/Ru = 2 is basically similar to that of pure
Ru/C catalyst. This indicates that no new compound formation occurs between Cs/Ru
and C elements. There are also only two big peaks; there is no additional visible peak at-
tributable to CsNOs. This may be due to the fact that the Cs particles are also highly dis-
persed on the carbon support, as shown in the EDS maps in Figures 1 and 2. However,
the XRD intensity becomes lower when the Cs loading is higher and the two peaks due to
the carbon element become more blunt. As shown in Figure 3, there are some other im-
purities such as Na and Cu in the catalyst. The impurity elements also may enter into the
carbon crystallite and make the carbon signal become less visible.

The variations of the ammonia conversions with reaction temperatures in a
fixed-bed reactor for 5 wt.% Ru/C catalyst with an overall molar ratio of Cs/Ru = 4.5 for
inlet flow rates of 6 and 12 mL/min are shown in Figure 6. The total loading of Ru-Cs/C
catalyst is 0.107 g, where Ru/C is 74.6 mg and CsNOs is 32.4 mg, and the Ru loading is
3.73 mg. The corresponding values of GHSV (gas hourly space velocity) for inlet flow
rates of 6 and 12 mL/min are 96,515 and 193,029 mL/(h-g..:), respectively. The results
show that the temperature has a significant effect on the ammonia conversion. The higher
the temperature that is provided, the higher the ammonia conversion would result. The
ammonia conversion is nearly 100% at the temperature of 400 °C for both inlet ammonia
flow rates of 6 and 12 mL/min, but it is quickly decreased with the decreasing of tem-
perature. At a temperature of 350 °C, the ammonia conversion is still high as 92.7% for
inlet flow rates of 6 mL/min, and it is 76.8% at flow rates of 12 mL/min. At the tempera-
ture of 325 °C, the ammonia conversions for the inlet flow rates of 6 and 12 mL/min are
74.6% and 44.2%, respectively. This indicates that the decreasing rate of ammonia con-
version with the decreasing of temperature is higher for the higher inlet flow rate.
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Figure 6. The variation of the ammonia conversion with temperature for Ru/C catalysts promoted
with a Cs/Ru molar ratio of 4.5 and Ru loading of 3.73 mg.

The effects of GHSV on the ammonia conversions for the temperature of 350 °C and
400 °C are plotted in Figure 7 with an overall molar ratio of Cs/Ru = 4.5. The different
value of GHSV was obtained by changing the ammonia inlet flow rate from 3 to 15
mL/min, while the fixed catalyst load was kept (Ru loading = 3.73 mg, the total loading of
Ru-Cs/C is 0.107g). The results indicate that the ammonia conversions at 400 °C are all
near 100% for GHSV from 48,257 to 241,287 mL/(h-gc.); that is, almost all the ammonia
converts to hydrogen. However, when the reaction temperature is reduced to 350 °C, the
ammonia conversion is decreased with the increasing of GHSV. This indicates that the
GHSV has an important effect on ammonia decomposition performance at 350 °C. The
main reason for the decrease of ammonia conversion at 350 °C is attributed to a shorter
residence time when the value of GHSV is increased, and shorter residence time implies a
shorter reaction time of the ammonia decomposition.

100 - o N . .
—
'''''' ...
80
Tre-.
@ e
<
o 60
.S
&
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g
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o
as)
4
——400 °C
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Figure 7. The variation of the ammonia conversion with gas hourly space velocity (GHSV) (mL
h™-gcat™) for Ru/C catalysts promoted with Cs/Ru molar ratio of 4.5 and Ru loading of 3.73 mg.
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The H: production rate, which is expressed by symbol r in units of m
molu,/(min-gru), in the In scale as a function of temperature (1/7T) for the inlet flow rate of
9 and 15 mL/min are given in Figure 8. This plot is used to estimate the activation energy,
E, by using Arrhenius equation. The Hz production rate can be expressed as,

E
InrF=In4d———
RT ®)

u

where R, is the universal gas constant (= 8.314 kJ kmol™ K™). The coefficient A is gener-
ally the function of temperature as well as H2 and NHs concentrations. The data of H
production rates are approximated by two straight lines. The slope of each straight line is
equal to —E/R,. The estimated activation energies for the inlet flow rates of 9 and 15
mL/min are about 28 and 46 kJ/mole, respectively. The comparison of activation energy
between different Ru-based catalysts is given in Table 2. The activation energies for
Ru/CNT catalysts using Cs as a promoter are at the range 49.5-61.9 kJ/mol, while they
are about 28-72 kJ/mol for Ru/C catalysts.

T (K)

680 660 640 620 600
56 T T T T T T T T T

5.4-‘
5.2—-
5.0-.
4.8:
4.6:

4.4 4

In(r)

4.2
4.0
3.8 4

® 9 ml/min
36+ A 15 ml/min

3.4 . , . , . , . , .
0.00145 0.00150 0.00155 0.00160 0.00165 0.00170

1T (K

Figure 8. The variation of the Hz production rate (in In scale) with the temperature.

Table 2. The comparison of activation energy between different Ru-based catalysts.

Catalyst Ru/Al:Os Ru/C 5 wt.% Ru/CNT 7 wt.% Ru/CNT 5 wt.% Ru/C

Promoter Cs Cs Cs Cs

Activation — g 54 25 61.9.at350 °C 495 28-46
energy (kJ/mole)

Reference 17 51 34 33 This work

3. Materials and Methods
3.1. Catalyst Preparation

(1) The Ru/C catalyst was used in this study and different molar ratios of Cs/Ru were
prepared. The 5 wt.% Ru/C (activated carbon) catalyst, purchased from the Alfa Aeser
company and 99.99% purified cesium nitrate (CsNOs) powder (promoter), purchased
from the Aldrich company were used for the catalyst preparation. For each preparation,
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about 0.1 g more of dry Ru/C was first placed in the petri dish (diameter = 60 mm, depth =
15 mm).

(2) Then, the catalyst material Ru/C obtained in Step (1) above was dried in 100 °C
air for 15 min. After that, 0.1 g of this dried Ru/C catalyst is placed in a dry container to be
cooled down to the room temperature for use in the next step.

(3) To obtain a specific molar ratio of Cs/Ru, the required quantity of CsNOs pow-
ders could be calculated and measured, and then, the CsNOs powders were loaded into a
2 mL transparent centrifuge tube. After adding 0.5 mL deionized water into each tube,
the CsNOs aqueous solution was stirred uniformly for 3 min until all the powders were
mixed well with the water.

(4) We placed a measured amount of Ru/C catalyst into the glass container filled
with previously prepared promoter solution (CsNOs aqueous solution) and then heated
the glass container with an 80 °C constant temperature heater. While during the heating
process, a complete mixing between the catalyst and the promoter solution was ensured
by mechanical stirring.

(5) After 5-10 min of heating, the catalyst with promoter showed a semi-dried con-
dition and then was spread out on the bottom of the glass container that was placed in a
90 °C oven for a 12 h further drying operation.

3.2. Fixed-Bed Reactor

The cross-section of the tubular fixed-bed reactor is shown in Figure 9. The material
used for the reactor is the stainless steel 316, and the inner and outer diameters of reactor
are 1/8 inch and 1/4 inch, respectively. The tube is filled with Ru-Cs/C catalyst particles
with a height of h. The value of & for the total loading of Ru-Cs/C catalyst is 0.107 g (74.6
mg of Ru/C and 32.4 mg of CsNOs), and the height is about 3.1 cm. The catalyst particles
are fixed in space by glass wool placed on the top and bottom of the catalyst bed. The
height b of glass wool is about 0.8-1 cm. The up-flow of ammonia gas through the reactor
is arranged.

PN

b__ Glass wool
h e Catalyst
powder
N
b Glass wool

L]

NH;

Figure 9. The cross-section of the tubular fixed-bed reactor.

3.3. Experimental Setup and Performance Measurement System

A schematic diagram of the experimental setup for the ammonia decomposition
performance measurement system in a fixed-bed reactor is shown in Figure 10. The inlet
flow rate to the reactor can be set by a flow rate controller, which is made by a PROTEC
Instrument (PC-510 series) in Taiwan. The reactor is heated by placing it inside of a tub-
ular furnace with R-type electrical heating wires, where furnace was made in Taiwan.
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The height of the furnace is 30 cm, and its inner and outer diameters are 5 and 18 cm,
respectively. The temperature of the furnace is controlled by using a two-point PID
(Proportion Integral Differential) controller. The temperature in this paper refers to the
temperature inside of the furnace. A sharp temperature decrease in the entrance region of
catalyst bed may occur due to the endothermic reaction of ammonia decomposition [31].

Pressure
Gauge @
Furnace
—
Temperature | | Reactor
Controller |~ | L] o .
Injection(—~ By pass
Loop
Preheater GC-TCD—
/[:]\NH3 Filter | Pressure
—® Gauge
Mass Flow
— Controller

GC Carrier Gas

Figure 10. A schematic diagram of the experimental setup for the ammonia decomposition per-
formance measurement system in a fixed-bed reactor.

The reaction products in the reactor, including Hz, N2, and some residue NHs, enter
the trap filled with 1 M H250s solution. The residue NHs gas has to be removed in the
trap to avoid the corrosion on the GC-TCD system, which was purchased from China
Chromatography CO., Taiwan, R.O.C. The GC-TCD with a packed column using nitro-
gen as the carrier gas is used to detect the Hz concentration in the gases. When the gases
enter the injection loop system of GC-TCD after the trap, the amount of sampling gases
taken by the GC is 0.5 mL. In the bypass pipe exit of the loop system, a bubble meter is
used to measure the flow rate (ml/min) that is leaving the trap.

Once we know the gas flow rate (ml/min) and H: concentration, the H2 production
rate (mol/min) can be obtained by using the ideal gas equation. The ammonia consump-
tion rate (mol/min) at the reactor exit also can be obtained from the ammonia decompo-
sition reaction equation: 2NHs — 3H: + N2, where 3 moles of H: production will con-
sume 2 moles of NHs. After the ammonia gas inlet flow rate (mL/min) is measured and
converted to the unit of mol/min, the ammonia conversion can be calculated from Equa-
tion (2).

4. Conclusions

An experimental study was performed to evaluate the effects of different promoter
Cs loadings on the hydrogen production from ammonia decomposition using commer-
cial 5 wt.% Ru/C (activated carbon) as catalyst in a fixed-bed reactor. Based on the pa-
rameters used in this work, the conclusions are as follows.

(1) The ammonia conversion at 350 °C increases with the increase of molar ratio of
Cs/Ru until the maximum value is reached at the molar ratio of Cs/Ru = 4.5. After that, it
decreases quickly with the increase of molar ratio Cs/Ru. At Cs/Ru molar ratio of 6, the



Catalysts 2021, 11, 321 13 of 15

ammonia conversion is even smaller than that of the pure Ru/C case. This indicates that
adding too much promoter Cs on the Ru/C catalyst does not result in any benefit.

The Cs promotion at lower Cs/Ru molar ratio may be attributable the “hot ring
promotion” [53], where the Cs atoms form a single layer of ring structure surrounding
the Ru crystallite and the N2 dissociating barrier is assumed as the rate-limiting step. For
a higher Cs/Ru molar ratio (Cs/Ru > 4.5), the transport resistance becomes pronounced
due to the reduction of contact area between Ru and NHs gas. The possible mechanism
for the decreasing of ammonia conversion with the increase of Cs loading may be at-
tributable to a remarkable increasing of the transport resistance and the electronic con-
ducting resistance, and the reduction of reaction sites, since we did not find a new com-
pound formation.

(2) At the optimum molar ratio of Cs/Ru = 4.5 for the catalyst, it was shown that the
temperature has a significant effect on the ammonia conversion. The decreasing rate of
ammonia conversion with the decreasing of temperature is higher for the higher inlet
flow rate.

(3) At a molar ratio of Cs/Ru = 4.5, all the ammonia conversions at 400 °C are near
100% for GHSV from 48,257 to 241,287 mL/(h-g...). However, the ammonia conversion at
350 °C is quickly decreased with the increasing of GHSV.
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