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CHAPTER 1 General Introduction

Chapter 1 General Introduction

1.1. Development and research of metal-loaded catalysts for NH; decomposition

In the last century, ammonia (NHs) decomposition reaction on the metal surface had been investigated
to gain insights into NH; synthesis for the development of Haber-Bosch process which is a nowadays well-
known mass-production techniques of NH; [1-6]. After 1990s when the process had been stably operated,
motivation in researches for the NH; decomposition catalysts have been researched for the development of
effective hydrogen storage and transportation processes via NH3 energy-carrier [7]. Yin et. al. reviewed the
catalytic activity of various metals (Ru, Ir, Ni, Rh, Pt, Pd, Fe) and catalyst support (SiO2, Al.Os, MgO, Ce;0,
TiOy, ZrO,, activated carbons, carbon nanotubes [CNTS]) [8], and they found that Ru-loaded CNTSs (designated
as RU/CNTSs) has the highest activity for NHz; decomposition reaction, which can be attributed to a high rate of
electron transfer from CNTs to loaded-Ru particles.

On the other hand, Ni, which is one of “non-noble” metals which is the most effective of transition
metals catalysts [8]. Some researchers investigated the support effects of various support materials and
promoters on the activity of Ni [9,10]. Muroyama et. al. systematically evaluated the performance of Ni-loaded
catalysts for NH; decomposition with views toward support material (Al.Os, SiO2, La,O3, MgO, Ce20, TiO,,
Zr0O,) and Ni-loading amount (for 10-70 wt% of Ni) [11]. Their results figured out that Ni/Al.O3; and Ni/SiO,
catalysts exhibited the highest NHs; decomposition rate, and suggested that the high surface area of Al.Os and
SiO; facilitated the dispersion of Ni nanoparticles.

As mentioned above, Ni-loaded catalyst is a possible candidate of NH3; decomposition catalysts in
hydrogen storage and transportation system via NHs. In this thesis, various applications of this cheap but active
catalyst will be discussed: this thesis will propose two application of Ni-loaded catalysts for

(i). NHs decomposition for hydrogen production process in NH3 energy system

(ii). Thermochemical denitrification of ammonia nitrogen (NH4*) in wastewater treatment.
In section 1.2, NH3 energy system will be reviewed to specify the subjects on the application of Ni-loaded
catalysts. Section 1.3 will be review increasing concern about eutrophication derived from ammonia-nitrogen
in the global ecosystems and a progress in development of novel denitrification techniques of wastewater to

propose a thermochemical denitrification via Ni catalysts.
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1.2. Ni-loaded catalysts application to NH; chemical hydrogen-storage system

NH; decomposition catalysts had been widely investigated because liquid NH3 is a possible candidate
of hydrogen carrier [7,12-14]. As shown in Fig. 1.1, NHj3 has relatively high hydrogen-mass-density (17.7 wt%)
which is comparable to hydrocarbons such as methanol (12.3 wt%), ethanol (13.0 wt%) and dimethyl-ether
(13.1 wt%). In addition, contrary to pure hydrogen, NHs can be liquefied under mild conditions (e.g. 0.8 MPa,
298 K). To utilize NH3 as a hydrogen fuel for fuel cells or internal combustion engines [15-17], it is necessary

to develop effective catalysts for NH; decomposition reaction. Fig. 1.2 shows a NHs energy process targeted in

this thesis.
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In this process, hydrogen, which is produced by natural energy sources such as sunlight, wind, geothermal and
ocean wave, is converted to NHs as a hydrogen storage and transportation material via Haber-Bosch process.
Synthesized NHs is transported to and stored in an application site in the form of liquid-NHs. A fuel cells (FCs)
system attached with a NH; decomposition reactor converts NH; to Hz and N2 and then generate electricity in
the FCs using H..

As mentioned in the previous section, Ni-loaded catalysts have been widely investigated using a
contentious-gas-flow fixed-bed reactor [8]. A fixed-bed reactor is characterized by lower heat conductivity, thus
there is considering about cold-spot formation along with NH3; decomposition which potentially decreases NH3
conversion in the catalyst bed. However few works have investigated influences of heat transfer in a bed on
kinetics of NHs decomposition. Furthermore, mass transfer in the porous support of Ni-loaded catalysts for NH3
decomposition have been hardly understood so far. Therefore, this thesis will

(i). observe influences of temperature distribution in Ni/SiO; bed on NH3; decomposition in Chapter 2,

(ii). examine Ni/SiO; catalysts with different pore diameters to observe the correlation between the kinetics
of the catalysts and pore diffusion in Chapter 3,

(iii). estimate support effects of various ceramic materials under conditions where influences of the

temperature distribution can be ignored in Chapter 4.

1.3. Ni-loaded catalysts application to thermochemical denitrification of wastewater

In this section, nitrogen cycle in the present world will be reviewed to understand that anthropogenic
nitrogen fixation which converts atmospheric nitrogen to NHs; have caused eutrophication of the global
ecosystems. The progress of wastewater treatment techniques to denitrify ammonia nitrogen also will be
summarized, and propose a novel thermochemical denitrification using Ni-loaded catalysts.
1.3.1. Nitrogen cycle in the pre-industrial or present world

The nitrogen cycle is one of the most important material cycles of the Earth. Along with human
understanding of nitrogen flow in ecosystems, the global nitrogen-cycle was broadly elucidated [18-20]. In the
absence of human activities, in other words “in the pre-industrial world”, Delwiche [21] stated that
transformation from atmospheric N (nitrogen molecule, N») to reactive nitrogen compounds (designated as Ny)
and those returned back again were balanced. Fig.1.1 shows the schematic illustration of the pre-industrial
nitrogen-cycle in the soil-atmosphere ecosystem [20]. This illustration is the adapted and simplified from Ref.
[20]. As shown in Fig. 1.3, biotic nitrogen fixation (BNF) in soil as the primary source of N, potentially provides

90-130 Tg-N yrt. N2 production via biological denitrification process is on the same order (80-180 Tg-N yr?).
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Fig. 1.3  Balance of Nitrogen fixation and denitrification (Tg-N yr?) between soil and

atmosphere ecosystem in the pre-industrial world.

Thus it is considered that, in the absence of the human activities, the amount of BNF and that of biological
denitrification were balanced [17,18].

On BNF in soil, atmospheric N are fixed within the fixing organisms to be converted to organic N
(Norg) [22]. Norg are up-taken by vegetation [20,23], or mineralized to form NHsz or NH4*. NH3; volatizes into
atmosphere as gaseous NHs, whereas a part of and NH4* are uptake by vegetation converted into NO3". These
Nr compounds such as NHs, NHs" and NO3™ are decomposed by denitrification organisms in soil. Nog in
vegetation is up-taken by animals to form animal protein, and the Norg in the animal is excreted and returned to
soil [22,23].

Because the supply of N is necessary for all life forms, an increase in nitrogen supply from the
atmospheric N2 into soil have been exploited in agricultural zone to increase the yield of crops for providing
food along with world human-population explosion [24-26]. However, as shown in Fig. 1.3, the amount of
fixing nitrogen is limited (90-130 Tg-N yr?). As summarized by Vaclav [27], the N applied in agricultural is

derived from atmospheric N., however most agricultural N is industrially fixed by the Haber-Bosch process in
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in the present world.

the form of NH3 as a chemical fertilizer [27,28].

As described above, the magnitude of nitrogen fixation due to human activities have not been ignored.
Fig. 1.4 shows the schematic illustration of the amount of biological and anthropogenic nitrogen fixation in the
present world (this figured was illustrated by adapting and simplifying the data and figures from Refs. [18], [20]
and [29]). As shown in this figure, 120 Tg-N of nitrogen have been fixed per year via Haber-Bosch process.
Haber-Bosch process is one of the most important and fundamental chemical processes in the present world [27,
28-30]. In this process, ammonia gas is synthesized from hydrogen and nitrogen under high temperature and
pressure [30]. N2 in the air was used as a reactant, and hydrogen is generally produced via natural gas reforming.
The magnitude of nitrogen fixation utilizing Haber-Bosch process have been larger than or comparable to that
by nitrogen-fixing organism in soil (90 -130 Tg-N yr?). Overviewing the global nitrogen fixation, the total
amount of anthropogenic nitrogen fixation such as Haber-Bosch process, agricultural BNF and combustion is
210 Tg yr*. This value is comparable to the magnitude of natural BNF in soil and marine (230-330).

One of the serious problems along with this drastic change of the nitrogen fixation in soil is an
eutrophication of groundwater [31-34]. For instance, Hatano et. al. (2005) had been monitored the nitrogen
concentration in the stream water and soil and discharge of wastes from agricultural fields and livestock in order
to figure out the local nitrogen balance and the environmental impacts associated with nitrogen eutrophication

[32]. Their investigation was conducted in a farm in Hokkaido University, geography of which is an alluvial fan
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constructed by the Kepau River. They found that when the contribution of nitrogen fixation by 6.4 Mg-N yr! of
chemical fertilizer and 12.6 Mg-N yr of BNF, 12.7 Mg-N yr* was not used as surplus N for the farm. In other
word, the amount of discharge in stream water and accumulation in soil is 12.7 Mg-N yr?.

Hatano et. al. had not figured out local nitrogen discharge from farm to the Kepau river, the global
amount of discharge from agricultural zone and farm to river and groundwater was estimated 40-70 and 4 Tg
yr, respectively [20]. A part of nitrogen which discharged to water in stream was derived from animal wastes.
To reduce the discharged to river and groundwater ecosystem, it is considered that suitable treatment of animal
waste should be conducted with denitrifying the nitrogen compounds in animal waste such as Norg Within the
proteins and NH4*.

1.3.2. Energy recovery process from NH4*-containing wastewater

In the present wastewater treatment system biological process have carried out to denitrify nitrogen
compounds within wastewater, biological processes generally has relatively large reactor and the reaction rates
are too slow [35]. Thus the development of processes which can simply treat wastewater with small reactor have
been desired [35-40]. Botte et. al. have investigated an electro-oxidation of NH4* in an aqueous solution to
recover hydrogen energy from wastewater [36-41]. They demonstrated the ammonia electrolysis at the ambient
pressure and room temperature [36]. In the KOH/NH;3; aqueous solution, hydrogen can be produced as following
equation in principle:

Anode 2NHs(aqg) + 60H" > Ny(g) + 6H0 + 6e E°=-0.77 V versus SHE  (Eg. 1-1)

Cathode 6H.0 + 6e" = 3H(g) + 60H" E°=-0.83V versus SHE (Eg. 1-2).

The total reaction in the cell is expressed as:

2NHjs (aq) = N2(g) + 3H2(q) (Eq. 1-3) :
where NHz(aq) means the ammonia molecule solved in water. Using this cell, they obtained hydrogen gases
with high purification [36].

This is one of possible techniques to produce hydrogen energy from NHs*-containing wastewater.
However there are some significant problem to implement it for wastewater treatment. One is the problem that
the electrolysis cell potentially uses the noble metals such as Pt, Ru, Ir [36] and Rh [36,37]. Another is that the
electrode was tested only in KOH/NHjs electrolysis solution without impurities: practical wastewater includes
sulfur, halogen compounds and silicates (SiOxHy), and these can be ignored in catalyst deactivation. As Endo
et. al. pointed out [42], even if these impurities are removed, there is also an intrinsic deactivation by
intermediate products. The elementary reactions in Eq. 1-1 are expresser by following equations:

NHa-(s) + OH & NHo-(s) + Hz0 + & (Eq. 1-4)
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Fig. 1.5 Reaction path on anode electrode of ammonia electrolysis cell and

deactivation mechanisms of Pt surface [36,42]

NH2-(s) + OH & NH-(s) + H20 + e (Eq. 1-5)
NH-(s) + OH & N-(s) + H,O + ¢ (Eq. 1-6)
N-(s) 0.5 & Na-(s) (Eq. 1-7).

where (s) is the active site of anode electrode (Pt). Adsorbed Nitrogen, N-(s) in Eg. 1-6 can be bonded with Pt
active sites by triple linkage (N=Pt) to occur poisoning of Pt surface as shown in Fig. 1.5. In Botte’s study, the

electrolysis cell showed the decrease of the hydrogen yield with time [36], and they have not overcome the

deactivation at high current densities [36-39].

1.3.3. Development of thermochemical wastewater treatment for denitrification

As described in the previous section, ammonia electrolyte is potentially unstable device for

denitrification because of the deactivation of absorbed nitrogen atom. Thus stable and efficient denitrification
techniques which can co-produce hydrogen are desirable. This study proposes the process of the
thermochemical ammonia decomposition for denitrification and hydrogen production as shown in Fig. 1.6. In

the proposed process, NHs-containing is sprayed onto Ni-loaded bed at high temperature, and vaporized NH3

7
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for denitrification and hydrogen production over metal-loaded catalysts.

is decomposed over the Ni surface to generate nitrogen and hydrogen.

The thermochemical decomposition of NH3 at the ambient pressure requires high temperatures above
773 K to decompose NHs almost perfectly (> 99.9 % of conversion) [43]. Thus it is considered that the latent
heat loss along with vaporizing wastewater decreases the process efficiency, and heat source for reaction heat
of NH; decomposition is required. To overcome these problems, this study proposes a thermochemical NHs/H-0O
decomposition process combined with methane fermentation system. Fig. 1.7 shows the schematic illustration
of the process. Along with methane fermentation of biomass or organic compounds in wastewater, NH4*
concentration decrease and the methane production rate declines due to NH4*-poisoning for methane-fermenting
organisms [44,45]. This inhabitation by ammonia for methane-fermenting is reported to occur above pH 7.4 in
range of ca. 1,600 to 3,000 ppm-NHs in the fermenter [44]. In the proposed process, NH4* in the digestive juices
in the fermenter is removed by an adsorbent. For instance, magnesium phosphate (MgHPO.) have been
investigated as the adsorbent to remove NH4* in the wastewater [46]. MgHPO4 can remove NH." in aqueous
solution as following equation

MgHPO, + XH,0 + NHs* = MgNH4PO; + (xH20) + H* , x=10r 6 (Eq. 1-8).
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Fig. 1.7 Denitrification and hydrogen production process proposed in this study.
Thermochemical ammonia decomposition reactor and adsorption process

using ammonium-magnesium-phosphate (MAP) are combined to methane fermentation system.

Espiel et. al. demonstrated NHs recovery from practical wastewater using MgHPO., and 90 percent of NH4*
was removed [46]. As Fumoto et. al. demonstrated [47], the ammonium-magnesium-phosphate (MAP,
MgNH4PO.) can thermally decompose above 350 K to release gaseous NHs. In the proposed system, NH4* in
the fermenter assumed to be separated using this adsorbent and exhaust heat from FCs or gas engines is used
for desorption of NHs; from MAP. Recovered NHs and steam is provided onto the Ni catalyst bed at high
temperature. Hydrogen from the NH3; decomposition reactor is used as a heat source of NH3; decomposition
reactor via combustion or a fuel for fuel cells. Most of reaction heat which is required by NH; decomposition
reactor is provided by partial combustion of biogas obtained from the methane fermentation.

In Chapter 5 and 6, to discuss the feasibility the thermochemical denitrification using Ni-loaded
catalysts as shown in Fig. 1.7, NH; decomposition over Ni-loaded catalysts in steam atmosphere was conducted.
There have been few research to conducted catalytic decomposition of NH; co-existing steam. It is speculated
that deactivation of Ni catalysts occurs due to e.g. Ni oxides formation and adsorption of hydroxyl group. Thus
the catalytic activities of various Ni catalysts and deactivation behavior by steam were observed using fixed-
bed reactor providing NHs; and steam to explore the most effective catalyst for NHs/H.O decomposition.
Moreover deactivated catalyst was analyzed by XRD to discuss the deactivation mechanisms of steam

deactivation of Ni catalysts.
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Chapter 2 Kinetics of Ni/SiO2 Catalyst for Ammonia Decomposition

2.1. Introduction

Ni-loaded catalysts for NH3; decomposition has been widely and systematically investigated, because
Ni is one of the non-noble metals [1-6]. For instance, Muroyama et. al. evaluated the performance of various
Ni-loaded catalysts for NHs; decomposition to compare support effects within the ceramic materials (AlOs,
Si0», La;0s, MgO, Ce;0, TiO,, ZrO,) using a contentious-gas-flow fixed bed reactor [5]. Their results indicates
that Ni/Al,O3 and Ni/SiO; catalysts has the highest catalytic activity for NH3; decomposition, because of high
surface area of those support. In addition, those catalysts were tested in the temperature ranged from 623 to 923
K at specific NH; flow rate, F* = 100 ml min? g%, and it is found that Ni/Al.O3 and Ni/SiO, can decompose
NH; perfectly at 923 K.

Usually only 0.1 g of catalyst particles was used with catalysts tests for NHs; decomposition to
eliminate influences of non-uniform temperature distribution in a fixed-bed [1]. However, even if a small
amount of Ni was packed in the reactor, serious cold-spot formation can occur under low gas velocities because
NH; decomposition rate on Ni surface is so fast at high temperatures. Although reaction heat along with NH3
decomposition reaction

NHz; 2> 1.5 H, + 0.5 N, , AH®=45.90 kJ mol™ (Eq. 2-1),
was relatively low, Ni catalysts decompose NHs under high space velocity [6]. Furthermore, a fixed bed reactor
is potentially characterized by a low heat conductivity [8, 9]. There have been few research which discussed the
correlation between catalytic activities and temperature distribution along with NH; decomposition. Hence it is
considered that influences of temperature distribution on catalytic activities should be investigated to correctly
evaluate the catalytic activities of Ni-loaded catalysts.

In this chapter, based on the calculation of temperature distribution, the kinetics of Ni/SiO, was
evaluated using design equation of a plug-flow-reactor (PFR). Temperature distribution in the Ni/SiO, catalyst
fixed-bed was also analyzed under various temperature, gas velocity and bed height to explore and discuss the
experimental conditions which the influence of temperature distribution can be ignored. For simplicity,
temperature in radial direction was assumed to be constant and axial temperature distribution in the bed was

calculated based on an enthalpy balance and steady-state heat transfer.
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2.2. Experimental
2.2.1. Ni/SiO; catalyst synthesis

Ni/SiO; catalysts were prepared by a wet impregnation method with a nominal Ni loading of 10 wt%
[1, 6]. A porous silica particles CARIACT Q-30 (the particle size is ranged from 75 to 150 um, mean diameter
is 112.5 pm, 100 m? g* of surface area, Fuji Silysia, Ltd.) was used as support materials. Nickel(ll) nitrate
hexahydrate (Ni(NO3)2c6H,0, Wako Pure Chemical Industries, Ltd.) was used as a precursor. The nominal Ni
precursor and 10 g of SiO, were dissolved in 100 ml of ion-exchanged water. The slurry was stirred for 24 h
and dried using a rotary evaporator at 383 K. The supported Ni catalyst was calcined at 973 K for 1 h under
flowing argon (Ar) and was then reduced at 973 K for 2 h under flowing Ha.
2.2.2. Characterization of Ni/SiO:

Prepared Ni/SiO, was characterized using an X-ray fluorescence instrument (XRF, EDX-7000,
SHIMADZU Co. Ltd.) and an X-ray diffractometer (XRD, Rint-2000, Rigaku Co. Ltd.) to evaluate Ni-loading
amount and the crystallite size of loaded-Ni nanoparticles (Dni). XRD was operated at 30 kV / 20 mA with a
scanning rate of 0.1° min™,

The results from XRF indicated that loading amount of Ni was 9.2 wt%. Dy; was calculated using the
Scherrer equation and the result from XRD. The catalyst was analyzed at Crystallite sizes were evaluated using
the Scherrer equation

KA
" BcosO

Dy (Eq. 2-2)

where

Dni [nm] is a crystallite size of Ni nanoparticle,

A [nm] is the wave length of the CuKa, 0.1574 nm,

K [-] is the Scherrer constant, 0.9,

B [-] is a half width of the peak derived from Ni,

0 [rad] is a diffraction angle.
Scherrer constant, K is equal to 0.9 for each calculation because B is determined as the broadening width at the
half of the peak height. The results of Scherrer equation indicated Dn; = 30.9 nm.
2.2.3. Catalyst tests

The catalytic activity of Ni/SiO, was estimated using a contentious-gas-flow reactor [6] at the ambient

pressure (0 MPaG). Figure 2.1 shows the schematic illustration of the experimental setup. The reactor consisted

of a stainless steel tube (SUS316, inner diameter = 8 mm) with three internal K-type sheathed-thermocouples
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Fig. 2.1  Schematic illustration of experimental setup.
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Fig. 2.2  Schematic illustration of Ni/SiO, bed monitored its temperatures by K-type thermocouples.
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(outer diameter = 1.6 mm, CHINO Co, Ltd.) as shown in Fig. 2.1. These thermocouples monitored the top,
middle and bottom of Ni/SiOz bed.

The catalysts bed was supported on a bed of quartz glass wool in the middle of the reactor. Catalyst
particle was packed in the reactor, and the packed amount of Ni/SiO, was varied from 0 to 0.5 g in catalyst tests:
bed height is up to 20 mm. The catalysts bed was heated using an electric furnace monitoring the temperature
of the middle in the bed. Prior to the NHs; decomposition test, the packed catalysts was reduced with pure H»
gas at a flow rate of 100 ml min for 1 h at 973 K. Following reduction, the catalyst bed was flushed with Ar
gas, and reaction temperature was adjusted to 773, 823, 873, 923 or 973 K. A reactant gas, NHs; (99.999 %
purity, Tomoe Shokai. Co., Ltd.) was provided into the reactor, the flow rate of which was controlled by a float
meter. Unreacted NH3 and product gases (H2 and N) from the reactor was treated by 10 wt% H,SO, solution in
an impinger to remove unreacted NH; gas, and then the flow rate of H, and N2, mixture was measured be a soap
film meter to estimate a conversion of NHs;. NH3; decomposes as following equation:

NHs > 1.5H; + 0.5N; (Eq. 2-3).
NHj3 conversion, Xnns [-] was calculated by
Xz = 0.5F a2 / Frms (Eq. 2-4)

where Fnus and Faznz [ml mint] are flow rate of NH3 and Hz/N, mixture respectively.

2.3. Results and discussion
2.3.1. Kinetic study of Ni/SiO; based on design equation of plug-flow-reactor

Figure 2.3 shows the NH; conversion over 0.1 g of Ni/SiO; bed (bed height, L = 0.4 mm) against
GHSV at 873-973 K. GHSV was varied from 40,000 to 180,000 h, in the specific NH; flow rate (per catalyst
weight) of 1,300-6,000 ml min g. NH; conversions increased as temperature increased because higher
temperatures can enhance the NHs decomposition reaction which is an endothermic reaction (see Eq. 2.1).
Decreasing residence time, t also increased NH3 conversions at the whole temperatures examined. Below 923
K Ni/SiO; could not decompose NHj3 perfectly at 40,000 h, however the results shows it can decompose NH3
perfectly at 973 K and 40,000 h,

To evaluate the kinetic constant, k and the activation energy, E. of the tested Ni/SiO,, a kinetic study
was carried out based on the design equation of plug-flow-reactor (PFR) [7, 9]:

C dC
- NH3 dCnH3 (Eq. 2-5)
CNH3,0 -I'NH3

where 1 is the residence time of gases [s], Cnws is the concentration of NHz [mol m=], Cwsp is the initial
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Fig. 2.3  NHjs conversion over Ni/SiO; against GHSV at 873-973 K in a fixed-bed reactor.
GHSV is ranged from 40,000 to 180,000 h and bed height is 4 mm.

concentration of inlet gas [mol m] and -rywxs is the decomposition rate of NHs per unit volume [mol s m™].
NH; decomposes according to Eq. 2-1, therefore a total gas volume is increases as NH3; decomposes in a
constant-pressure system. Here the fractional change in gas volume, V [m?®] of the system, enws is defined as:

Vx=1-Vx=0 _ (1.5+0.5)-1
V=0 1

ENH3ZT =1 (Eq 2'6)

Using ennz and X, Cnns can be expressed as

ENH3—X (1-X)

—_— = — Eq. 2-7).
I NH3,0 (1+X) “NH30 (Eq )

Cnuz=

Assuming a first-order reaction, the following equation can be obtained from Eq. 2-5 and 2-7

k(1-X)
-INH3™ ) CNm3,0 (Eq. 2-8).

where k [s7] is the kinetic constant of NH3; decomposition reaction. Eq. 2-8 is inserted into Eq. 2-5 to obtain Eq.

2-9:

k—21H—XX Eq. 2-9
1=2In T— ~ (Eq. 2-9)
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1+X
Fig. 2.4 shows plots of kt=2In Tx —X vs. 1 for Ni/SiO; catalyst at 873-973 K. As shown in Fig.

2.4, linearity was obtained for theses plots. This linearity ensures that a first-order reaction is an applicable
assumption (see Eq. 2-8). Values of slopes for 873-973 K obtained from Fig. 2.4 indicate kinetic constants, k.
Using kinetic constants obtained from Fig. 2.4, temperature dependency of k can be shown as Fig. 2.5: this
diagram is known as an Arrhenius plot. The activation energy, E, and frequency factor, ko can be calculated
from the slope and the intercept of vertical axis in this diagram respectively. From Fig. 2.4 E, = 133 kJ mol*
and ko = 21.4 s* were obtained.
2.3.2. Influences of temperature distribution in Ni/SiO; bed on kinetics
2.3.2.1. Gap between apparent and true Kinetic constants at lower GHSV

Kinetic parameters, k and E. of Ni/SiO- catalysts were analyzed from the Arrhenius plot shown in
Fig. 2.5. However, as shown in Fig. 2.6, there are gaps between the “apparent” kinetic constant calculated
from the Arrhenius plot and Kinetic constants calculated from each residence time and NH3 conversion. This
result shows that kinetic constants increases with increasing of GHSV below 80,000 h, whereas kinetic

constants above 80,000 h™* indicates almost same value. Generally heat conductivity in a fixed bed reactor
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is relatively low: this means that temperature distribution formed in a fixed-bed can cause a gap between
apparent and true kinetic constants like observed in Fig. 2.6 [9]. However higher gas velocity can enhance the
heat transfer in the bed [8, 9]. Thus it is considered that observed kinetic constants below 80,000 h'* of GHSV
was lower than true kinetic constants because of lower gas velocity: a formation of cold-spot in the bed along
with NHs decomposition can decrease the reaction rate. On the other hand, it is considered that the observed
kinetic constants at higher gas velocity (> 80,000 h™*) is almost equal to true kinetic constants. Kinetic constants
for 80,000 h indicated E. = 149 kJ mol™? and ko = 23.2 st were obtained.
2.3.2.2. Enthalpy balance and steady-state heat transfer in plug-flow-reactor

To estimate the influence of cold-spot formation in the fixed bed reactor, temperature distribution in
the bed was analyzed. At the bed height, L =4 mm (0.1 g of Ni/SiO; packed), although the temperature in the
middle of the bed was monitored, it is difficult to measure temperatures for several bed height because the
catalyst layer is very thin. Therefore, by monitoring temperatures of top, middle and bottom in fixed beds for L
=10, 16 and 20, the temperature distribution for L = 4 mm was speculated. The temperatures of these three
place were measured using K-type thermocouple as shown in Fig. 2.2. Temperature distribution in the fixed-
bed was estimated based on an enthalpy balance and a steady-state heat transfer in the axial direction (see Fig.

2.7) [7-10]; temperature distribution in the radial direction was assumed to be constant in each condition.

Wall temperature, Tw Heat flux from wall

UAndz(T,, —T)

Input enthalpy Output enthalpy
Gas inlet Gas outlet
2
Heat transfer Ld r _
within bed pCy; dz®

» dz

A

A
A 4

Length of fixed-bed, L

Fig. 2.7  Model of the enthalpy balance and heat steady state heat transfer in axial direction.

For simplicity, temperature distribution in the radial direction was assumed to be uniform in this system.
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As shown in Fig. 2.7 take a thin place of the PFR: considering enthalpy balance and heat transfer

between bed and wall, heat balance at steady state gives

(Heat transfer with wall) + (Input Enthalpy) = (Output enthalpy) (Eq. 2-10)
in symbols

Udndz(T,, — T) + L FH; = 3 FH; + 228 gy (Eq. 2-11-a)

UA,dz(T, —T) = d Y. F;H; (Eq. 2-11-b)
where

U [W m?2 K] is the overall heat transfer coefficient,

An [m? m1] is the heat-transfer area per unit length of the reactor,
z [m] is the length in the axial length,

F [mol s*] is the molar flow rate of a reactant species, i (i = NH3)
H [J mol.1] is the enthalpy of a reactant species, i.

Developing equation Eq. 2-11-b, following equation can be obtained:

UA,(T, — T) = F; Y. dH;/dz + H; Y. dF; /dz (Eq. 2-12-a)

UA(T,, — T) = F; ¥.(dH;/dT)(dT/dz) + H; Y. dF;/dz (Eq. 2-12-b)

UAR(T, — T) = ¥ F,C,i(dT/dz) + H; ¥, dF;/dz (Eq. 2-12-b)
where

Cpi [J mol* K] is the molar heat capacity at constant temperature of a reactant species.
In this system, second term in the right hand side of Eq. 2-12-b expresses the reaction heat along with NH;
decomposition. Therefore
H; Y. dF;/dz = S(—Tyy3)AHyys3 (Eq. 2-13).
where
S [m?] is the crass-section area in the reactor,
rwus [mol st m®] is the reaction rate of the NHs per unit volume.
Inserting Eq. 2-13 into Eq. 2-14-b, the following equation can be obtained
UA,(T,, — T) = Fyp3Cpnu3(dT/dz) + S(—Tyu3)AHyus (Eq. 2-14)
In this equation, reaction rate, r can be expressed using ammonia conversion, X as
FyusdXyys/dz = —Tyys3 (Eg. 2-15).
Eg. 2-14 and 2-15 are the design equation of the isothermal PFR, therefore temperature distribution can be

obtained by solving these equations.
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Note that it is easy to evaluate the temperature distribution if the Eq. 2.14 was expressed by
independent variable Xyws, not z [9]. From the experimental results as shown in Fig. 2.3, the change of residence

time, T against AXns can be obtained. Thus Eq. 2.14 and 2.15 should be rewritten as

dT/dXyus = ATqq + {UAR(T,, — T)/Cp,NH3}/(—TNH35) (Eq. 2-16)
dz/dXyps = Fyus/(—TwusS) (Eq. 2-17)
where

ATaq [K] is the adiabatic temperature change, which is defined as AT, = —AHyp3/Cpnus
As shown in Fig. 2.7, heat transfer equation in the axial direction at steady state can be expressed in
symbols as

h  d%T
P Cpbed dz?

=0 (Eq. 2-18)

where
h [J s m? K?] is the heat-transfer coefficient of the bed,
Cp.oed [J kgt K] is the heat capacity of the bed,
p [kg m2] is the bulk density of the bed.

Discretizing d?T/dz? as

d*T ~ Tz4nz+Tz—pnz—2T
dzg s Az2

(Eq. 2-19) ,

numerical calculation was carried out to evaluate temperature distribution [7].
2.3.2.3. Temperature distribution in the fixed bed reactor for L = 10, 16 and 20 mm

Using Eq. 2-16, 2-17 and 2-19, temperature distribution was estimated. As shown in Fig. 2.2, the
temperatures at the top, middle and bottom (Tiniet, Tr and Touter) OF the bed were measured. Therefore, using U
and Ty as fitting parameters, suitable values were given to U and Ty, as calculated Tinet, Tr and Touet Were equal
to measured values.

Fig. 2.8 shows the NH3 conversion change against specific NHs flow rate for L = 20 mm. Fig. 2.9
shows a calculated temperature distribution and a change of conversion against bed height for the experimental
conditions, L = 20 mm, GHSV = 80,000 h'* and T, = 923 K. This figure shows that temperatures in the bed
domestically declined to ca. 820 K, and temperatures gradually increased to ca. 965 K. Note that a cold-spot
was formed in the bed at L =2 mm, and it is considered that this cold-spot formation caused the decreasing the
apparent kinetic constants. Conversion change against bed height was affected by the temperature distribution.
Note that kinetic constants for > 80,000h* was used to calculate NH3 conversion. Below 2 mm of bed height

the slope of the curve decreased, whereas at downstream of cold spot formation the slope increased due to
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increase of the temperature. Calculated NH3 conversion was equal to 93 %, whereas measured NHz conversion
was 92 %. Thus it is concluded that calculation results shown in Fig. 2.9 is valid.

Temperature distribution for L = 20 mm and 873-973 k was shown in Fig. 2.10 (see the next page). As
shown in this figure, temperature distribution was more uniform at higher gas velocity at whole temperatures
examined. At 973 K, temperature declined from 973 K to ca. 800 K for 10 cm s of gas velocity, whereas
declined to 870 K for 25 cm s It is considered that higher gas velocity increased the overall heat transfer
coefficient, U to uniform the temperature distribution. Fig. 2.11 shows U against gas velocity at 873-973 K. As
shown in this figure U is monotonically increases as gas velocity increases at whole temperatures examined.

Thus it is found that higher gas velocity is necessary to eliminate the gas between apparent and true kinetic

constants.
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Fig. 2.11  Overall heat transfer coefficient vs. gas velocity at 873-973 K and L = 20.

At 923 K temperature for 25 cm st of gas velocity decreased to ca. 900 K below L = 2 mmm, thus it
is found that temperature distribution was more uniform at lower reaction temperature. This is because higher
temperature can facilitate the NH3z decomposition rate to increase NHs conversion, in other words more heat in
the bed was consumed along with NH3; decomposition. Below 823 K temperatures in the bed was almost
constant and independent of gas velocity, because at lower temperature NHs conversions were very low as

shown in Fig. 2.8.
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Temperature distribution for L = 16 and 10 mm was also calculated (see Fig. 2.12 and 2.13). Note
that temperature distribution where NHs conversion is 100 % can’t be calculated (see Eq. 2-9). These figures
show that lower bed height can make the temperature distribution uniform at whole temperatures examined.
For instance, Fig. 2.14 shows the temperature distribution for L = 10, 16 and 20 mm at T, = 923 K. minimal
values of the three curves in this figure are 914, 907 and 897 K for L = 10, 16 and 20 mm respectively. It is
considered that, in the lower bed height, heat transfer in the axial direction was dominant and makes the
temperatures in the bed uniform. Thus it is speculated that the temperature distribution of the Ni/SiO; bed for

L =4 mm should be more uniform than those above 10 mm of bed height.
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Fig. 2.14  Temperature distribution at T, = 923 K for L = 10, 16 and 20 mm.

NHj; gas velocity is 20 cm st in each case.

2.3.2.4. Estimation of temperature distribution in the fixed bed reactor for L =4 mm
Using the results obtained from Fig. 2.10, 2.12 and 2.13, a temperature distribution for L = 4 mm
was tried to estimate. As shown Fig. 2.10 to 2.14, inlet temperatures was equal to the temperatures in the
middle of the beds, T, or up to 5 K higher than T.. Therefore the inlet temperature for L = 4 mm was assumed
to be equal to T, + 5 K. Wall temperatures, T was estimated by T, for L = 10-20 mm. Fig. 2.15 shows the Ty

against gas velocity for L = 10, 16 and 20 mm at T, = 923 K.
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Fig. 2.15  Wall temperature, Ty against gas velocity for L = 10, 16 and 20 mm at T, = 923 K.

As shown in this figure, the T, for L = 20 was higher than that for L = 16, whereas those for L = 10 and 16 is
almost same. Though not shown, similar tendency was observed at whole temperature examined, thus it is
assumed that T for L = 4 mm was same to that for L = 10 mm.

Temperature distribution for L = 4 mm was estimated in the T, ranged from 773 to 973 K as shown
in Fig. 2.16. At T, = 973 K, temperature distribution was more uniform at higher gas velocity. Above 20 cm s
temperature distribution was almost uniform: variation in temperatures are less than +5 K and at 15 cm s the
minimal temperature is 10 K lower than T,. As shown in Fig. 2.6, kinetic constants at T, = 973 K decreased
below 80,000 h* (15 cm s of gas velocity). Thus, gas velocity should be more than 15 cm s to eliminate
cold-spot formation as the variation of temperature was less than +10 K to evaluate a true kinetic constant of a
catalyst. Below T, = 923 K, more than 15 cm s of gas velocity can make uniform the temperature distribution
as variations of temperature were less than £5 K. Therefore it is considered that conditions of less than +5 K
temperature distribution is necessary to evaluate a true kinetic constant below 923 K.

Muroyama et. al. examined 10 wt% Ni/SiO; catalysts using a fixed-bed reactor, however they
conducted catalysts test at specific NHs flow rate, F* = 100 ml min g* [5]. If the inner diameter of the reactor
which they used had been same to those in this study, the gas velocity was only 0.3 cm s*. For instance their

Ni/SiO, decomposed 85 % of NHs at 873 K, and this means the kinetic constant in this condition should be

30



CHAPTER 2

Kinetics of Ni/SiO2 Catalyst for Ammonia Decomposition.

980 950
® 5 cm/sec (a) 973 K | (b) 923 K
P 945 | M
975 gD i
RPECEREEEE g4 |
935 -
970
< X 930 |
= = 930
o g ¢ /,20 cm/sec
2 065 R025 | el
g ™20 cm/sec 2
5 5920
= 060 N5 cm/sec = ors
10 em/sec \15 cm/sec
L 910
855 L [ 10 cm/sec
- 905 |
950 - : 900 L - -
0 1 2 3 4 0 1 2 3 4
Bed height ‘mm] Bed height [mm]
900 | 850
05 1| () 873K ]| s | () 823K |
890 | 840
885 |- 835 | +
- 15 cm/sec
. 880 830 e
g b 5 cm/sec . 2 ®
2875 | d ob2a9989% 3. 1 Z TTPTEEE Y
g 4 lrspROT 5P L SRS 00 o000 @
£ 0 Bo / nwﬂ,aé@@ g I 0099 RS
5870 BO- o 5820 L
— BASS Q\"'O{JC - -
Qe 10 em/sec
865 815
10 cm/sec
860 | 810
855 [ 805 |
850 L - . - 800 L -
0 1 2 3 4 1 2 3 4
Bed height [mm] Bed height [mm)]
800
s 1| ©) 773K
190
185
g 180
g
=
2115
L
=%
5770
—
165
160
7155
750 : :
0 1 2 3 4
Bed height ' mm)]
Fig. 2.16  Estimated temperature distribution for L =4 mm at 873-973 K.

31



CHAPTER 2  Kinetics of Ni/SiO2 Catalyst for Ammonia Decomposition.

equal to 2.3 s, whereas k for more than 15 cm s of gas velocity was 28 s in this study. This results
indicated that their data was affected by cold-spot formation. Thus it is important to estimate various Ni

catalysts under the experimental conditions where influences of temperature distribution were eliminated.

2.4. Summary

In this chapter, kinetics of Ni/SiO, was studied as 0.1 g of the catalyst was packed in the fixed-bed
reactor based on a design equation of a plug-flow reactor. Apparent kinetic constants were evaluated in the gas
velocities ranged from 5 to 25 cm s (in the GHSV ranged from 40,000 to 180,000 ht), however there were
gas between apparent kinetic constants and kinetic constant, k for >80,000 h* (> 15 cm s of gas velocity)
Although k for >80,000 h™ for each gas velocity was almost constant, those for < 15 cm s decreased as gas
velocity decreased. It is considered that low gas velocities indicated the formation of cold-spot in the bed to
decreases the decomposition rate. Form experimental results, k for GHSV ranged from 5 to 25 cm s
indicated E, = 133 kJ mol™ and ko = 21.4 s, whereas k for > 15 cm s indicated Ea = 149 kJ mol™ and ko =
23.2 s, Thus more than 15 cm s of gas velocity is necessary to evaluate true value of k.

To observe the influences of the cold-spot formation on the catalytic activities, temperature
distribution of Ni/SiO, bed was estimated. The temperature distribution was estimated solving an enthalpy
balance and a heat transfer in the axial direction in the bed. Estimated temperature distribution indicated that
higher gas velocity make distribution in the bed more uniform in the whole temperature examined. At more
than 15 cm s of the gas velocity, the variation of the temperature distribution for T,= 973 K was less than
+10 K, and those below 923 K was less than £5 K: in these conditions the influences can be eliminated to

evaluate certain kinetic constants.
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Chapter 3 Influences of Pore Diameter on Kinetics of Ni/SiO, Catalysts
for Ammonia Decomposition

3.1. Introduction

In Chapter 2, kinetic study was conducted based on a design equation of a plug-flow-reactor.
Furthermore, the influences of a cold-spot formation on kinetics of Ni/SiO: fixed-beds for NHz decomposition
were discussed to evaluate true kinetic constants of the catalysts. Experimental results indicated that higher gas
velocities 15 cm s or faster can eliminate the influences of temperature distribution and make it uniform as the
variation of temperature distribution is +5 or +10 K at < 923 K or 973 K, respectively.

As discussed in previous chapter, heat transfer in catalyst beds is dominant in the kinetics of catalysts.
On the other hand, mass transfer in catalyst’s pores potentially affects the apparent Kinetic constants and
activated energies [1-3]. However few research have not investigated the correlation between pore structure and
kinetics of NH3 decomposition. In this chapter, to clarify influences of pore diffusion in catalysts on catalytic
activities, the NHs conversions was evaluated in a fixed-bed for various GHSV conditions using Ni/SiO, with

different pore diameters.

3.2. Experimental
3.2.1. Catalyst test

10 wt% Ni/SiO; catalysts were prepared by a wet impregnation method (see Chapter 2). The porous
silica particles CARIACT Q-3, Q-15, Q-30, and Q-50 (the particle size is ranged from 75 to 150 um, mean
diameter is 112.5 pum, Fuji Silysia, Ltd.) were selected as support materials; these particles possessed mean pore
diameters ranging from 3.7 to 19.9 nm, which is nearly equal to the mean free path of an NH3; molecule. Pore
diameters smaller than mean free path would have decreased the apparent activation energy for NH3
decomposition [1-3].

Ni/SiO; catalysts with different mean pore diameter were tested in the fixe-bed reactor as shown in
Fig. 2.1 (see Chapter 2). 0.1 g of the catalyst was packed in the stainless tube, and NHs in the GHSV ranged
from 10,000 to 180,000 h! was provided into the catalyst bed.

3.2.2. Characterization
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The crystallite diameters of Ni nanoparticles, Dni were determined by an XRD (Rint-2000, Rigaku
Ltd.) operated at 30 kV / 20 mA with a scanning rate of 0.1° min™. Crystallite sizes were evaluated using the
Scherrer equation. Amount of loaded-Ni for each Ni/SiO, was evaluated by an XRF. The specific surface area
of catalysts was measured by the Brunauer-Emmett-Teller (BET) method with N, adsorption at 77 K. Pore
structure was determined by means of a mercury intrusion technique (Autopore IV 9520, Micrometrics Ltd.).

The characteristics of the Ni/SiO; catalysts are presented in Table 3.1.

Table 3.1  Characteristics of Ni/SiO- catalysts.

Dni [nm] Mni [wt%o] Sger [M? gY] d’ [nm] Vpore [Ml g1]
13.8 9.9 410 7.7 0.51
26.7 9.3 160 16.6 2.34
30.9 9.2 100 26.7 2.26
24.9 9.3 60 34.8 2.45

Dni: crystallite size of Ni nanoparticles, Myi: amount of loaded-Ni

Sger: specific BET surface area, d’: mean pore diameter, Vpore: pore volume of catalyst.

3.3. Results and discussion
3.3.1 The influences of pore diameter on catalytic activities of Ni/SiO-

To observe the kinetics in pore, NH; decomposition tests via Ni/SiO; catalysts with different pore
diameter were carried out. As shown in Table 3.1, mean pore diameters were varied from 7.7 to 34.8 nm. The
extent of NH3 conversion is plotted against GHSV in Fig. 3.1. Although silica-supported catalysts with
different pore diameters exhibited difference activities, there was only poor correlation between pore diameter
and catalytic activity. At reaction temperature of 773, 823 and 873 K, the activity for the smallest mean
diameter, d = 7.7 nm, was the highest (see Fig. 2.11 a-c). To clarify the relationships between crystallite size
of Ni nanoparticles (Dni) and catalytic activity, Dni was evaluated by means of XRD (see Table 3.1). Fig. 3.1
and Table 3.1 indicate that the catalytic activity increased as decreased Dy for temperatures lower than 873 K.
Smaller pores provided a higher surface area to increase the dispersion of Ni. It was concluded that this was
the reason why the highest catalytic activity was observed for Ni supported on the smallest silica particles.
These results illustrate that dispersion of loaded metal enhances catalytic activity. However, at 923 and 973 K,
the catalytic activity for Dni = 13.8 nmand d = 7.7 nm was found to be slightly lower; Ni/SiO, for Dyi = 30.9

nmand d =26.7 nm was the most active at these temperatures. It was speculated that the pore diffusion
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Fig. 3.1  NHs; conversion against GHSV over Ni/SiO; catalysts

with different pore diameter from 773 to 973 K.
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resistance decreased NH; conversion for d = 7.7 nm at 923 and 973 K.

Almost complete decomposition of NH3 was achieved at 973 K and GHSV of 36,000, 32,000,
42,000, and 3,300 for d =7.7, 16.6, 26.7 and 34.8 nm, respectively; therefore, it was conducted that the
Ni/SiO; catalyst with d = 26.7 nm was the most active from the view point of efficient hydrogen production.
Kinetic study for each Ni/SiO; catalyst was carried out to make clear the correlation between NH3
decomposition rates and pore diffusion process. As mention in Chapter 2, kinetic constants were evaluated
using Eq. 2-9. Note that the data of conversions for > 80,000 h* were used for evaluation of k to eliminate the
influences of a cold-spot formation. Fig. 3.2 shows the Arrhenius plot for Ni/SiO; catalysts from 773 to 973
K. The activation energy and frequency factor for each catalyst are summarized in Table 3.2 and Fig. 3.3. It is
found that the activation energy and frequency factor for d = 7.7 nm are lower than those for other Ni/SiO.
catalysts, which all had similar activation energies and frequency factors. It is concluded that the high
diffusion resistance of the small pores must have decreased the apparent activation energy and the NH;

conversion of Ni/SiO, for d = 7.7 at 973 K. From Fig. 3.1 (d) and (e), it is shown that Ni/SiO; for these

properties exhibited lower activity than others due to increasing of the diffusion resistance.

6 —
R |
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Fig. 3.2  Arrhenius plot of Ni/SiO; catalysts with different mean pore diameters from 773 to 973 K.

The data of conversions for > 80,000 h* of GHSV was used to calculate kinetic constants.
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Fig. 3.3  Activation energy and frequency factor plotted against pore diameter of Ni/SiO- catalysts.

Table 3.2 Activation energy and frequency factor on Ni/SiO; catalysts.

d [nm] Activation energy [kJ mol*]  Frequency factor [s*]
7.7 98 17.6
16.6 143 22.4
26.7 149 23.2
34.8 141 21.9

3.3.2 Estimation of pore distribution and pore diffusion in Ni/SiO-

It is necessary to estimate the pore diffusion resistance affecting the catalytic activity for d =7.7
nm. Fig. 3.4 shows the pore distribution of the Ni/SiO catalysts. The values of d for each support was
calculated from pore distribution shown in Fig. 3.4, and it is found that the Ni/SiO, catalyst with d = 7.7 nm
had many pores smaller than 10 nm in diameter, whereas the others had a defined peak above 10 nm. Note
that there peaks at ca. 40 um for each pore distribution, however these peaks derived from voids of catalysts
particle and didn’t use to evaluate mean pore diameters. As shown in Fig. 3.4 and Table 3.1, Dni on Ni/SiO2
catalysts was slightly different from mean pore diameter. Therefore it is speculated that the mean diameter of

pores which contributes NH3z decomposition, in other words where Ni particles were loaded is equal to Di.
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To investigate the gas between mean pore diameter and Dy, loaded-Ni nanoparticles were observed
by a transmission electron microscope (TEM, JEM-1400, JEOL Ltd.). Fig. 3.5 shows the TEM images of
Ni/SiO; catalysts for d =7.7,16.6, 26.7 and 34.8 nm. From Fig. 3.5, it is shown that Ni/SiO; has Ni
nanoparticles whose diameters was almost same to Dyi evaluated by XRD. Thus the pores which contributed
to NH; decomposition should have the diameter which is equal to Dni. Note that the Ni/SiO, for d = 34.8 nm
has smaller Ni nanoparticles d than Dy; it is considered that this diameter of pore contributing to the reaction
should be equal to d evaluated from the pore distribution. In TEM images for d = 16.6 and 34.8 nm, oval
Ni nanoparticles were observed. It is considered that some pores were filled up with these oval Ni
nanoparticles, however these were very minor.

To estimate correlation between the pore diffusion and kinetics, using d values and the mean free
path of the NH3 molecule, Lnns, the Knudsen number, Kn for each pore diameter can be calculated, which is a
dimensionless number defined as

Kn=1L/d (Eq. 3-1).
When the mean free path is 10 times greater than the pore diameter (Kn™ < 0.1), collisions of the molecule
with the pore wall dominate [14]. This diffusion regime is different from molecular diffusion, and is known as
Knudsen diffusion [14]. Lnns was calculated from the following equation:

_ kgT
Lnnz= —\/Ensz

(Eq. 3-2)
where

kg is the Boltzmann constant,

Tis 973 K,

P is the ambient pressure (0.1 MPa).
For simplification, the diffusion of only NHs molecules will be discussed.

Fig. 3.6 shows a plot of the activation energy against the inverse of the Knudsen number for each

Ni/SiO; catalyst. The activation energy is almost constant above ca. 0.1 of Kn', however decreases sharply
beneath this value. The activation energy of the surface reaction on each Ni/SiO; catalyst should be same and
independent of pore structure. However, if d is too small to cause strong pore diffusion resistance, the
apparent activation energy of the catalyst can be lower than that of others with large pores. Fig. 3.6 suggested

that Knudsen diffusion increased the diffusion resistance, and that the apparent activation energy was

decreased as a result.
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Fig.3.5(a) TEM images of Ni/SiO; catalyst for d = 7.7 nm.
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Fig. 3.5(b) TEM images of Ni/SiO; catalyst for d = 16.6 nm.
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Fig.3.5(c) TEM images of Ni/SiO; catalyst for d =26.7 nm.
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Fig.3.5(d) TEM images of Ni/SiO; catalyst for d = 34.8 nm.
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Fig. 3.6  Activation energy plotted against the inverse of the Knudsen number

for each catalyst at 973 K.

It is concluded that the Ni/SiO; catalysts with d= 16.6 nm or large had high NHz decomposition activity
owing to the support’s low diffusion resistance. Furthermore, Ni/SiO, with d= 26.7 nm can decompose NH3
completely at the highest value of GHSV examined, 42,000 h*! at 973 K.

Comparing the activity of the catalysts in this study with the catalysts prepared by Goodman [4], the
activation energy of Ni/SiO, which was Goodman et. al. prepared is ca. 91 kJ mol, and that in this study
show slightly higher value, 98 kJ mol™* for d = 7.7 nm or ca. 140 or 150 kJ mol™ for other pore diameters.
While Goodman et. al. didn’t reported the pore structure of SiO; support, assuming that they use SiO, particle
with small pore, the activation energy for d = 7.7 nm in this study is nearly equal to that they obtained. In
this view point of activation energy, the kinetic constant of Ni/SiO, which Goodman et. al. prepared should be
compared with the catalyst with d = 7.7 nm in this study. For instance, the kinetic constant at 873 K in their
study is ca. 4.0 s** and that in this study is 6.7 s™. Thus it is considered that the activity of Ni/SiO, with d =
7.7 nm shows almost same as that of Goodman’s Ni/SiO,. However Ni/SiO, d = 26.7 nm shows the highest

activity at 923 and 973 K (see Fig. 3.1). Thus it is concluded that preparing Ni/SiO, catalyst with higher
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activity at above 923 K by controlling pore diameter was success in this study.

3.4. Summary

The mass transfer in the support’s pore was evaluated using Ni/SiO- catalysts with different mean pore
diameters (d). The catalytic activities were almost independent of pore diameter below 873 k, and Ni/SiO, with
the smallest mean pore diameter (d = 7 nm) exhibited the highest activity due to the highest dispersion.
However, at 923 K, Ni/SiO, with 26.7 nm of d showed the highest activity. From the results of kinetics and
estimation of diffusion regime using Knudsen number, strong pore diffusion resistance within the Ni/SiO, d

of which is below 7.7 nm decrease the apparent activity of the catalyst.
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Chapter 4 Support Effects on Ammonia Decomposition Activity of Ni-
loaded Catalysts

4.1. Introduction

Heat and mass transfer in the Ni/SiO> bed was studied in Chapter 2 and 3. It is found that under the condition
of high gas velocities NH3 conversion can be decrease due to decreasing of a reactor-wall temperature. In the Ni/SiO:
catalysts, the apparent activity can be estimated lower than the true activity above 15 cm s, Furthermore, NH3
conversion also can be decreased by the strong diffusion resistance derived from Knudsen diffusion in pore at 973 K.
it was concluded that elimination of the effects of heat and mass transfer in the bed and catalyst particle was required
to evaluate the true activity of the Ni surface.

As mentioned in Chapter 2, Muroyama et. al. systematically evaluated the support effects of Ni-loaded
catalysts NH3 conversion [1], however they have not discussed the effects of heat and mass transfer. Moreover in the
view point of the Kinetics study, experimental data which they reported are limited: they carried out the decomposition
test only under 100 ml gear* mint of the specific (per catalyst weight) flow rate. In this chapter, NH3; conversion
against GHSV was observed using Ni-loaded catalysts with various supports to carry out the Kinetic study under high

GHSV conditions.

4.2. Experimental

Ni-loaded catalysts with various supports were prepared by a wet impregnation method as described below
(see Chapter 2). Nominal loading amount of Ni for each catalysts was 10 wt%. Following ceramic particles were
selected as support materials: SiO (75-150 um, Q-30, Fuji Slisia, Ltd.), y-Al,Os (basic activated alumina, 45-150
um, Wako Pure Chemical Industries, Ltd.), MgO (about 75 um, 99 % purity, KMAO-H, Tateho Chemical Industries
Co., Ltd.), ZrO, (Wako Pure Chemical Industries, Ltd.), anatase form TiO, (Wako Pure Chemical Industries, Ltd.),
rutile form TiO, (Wako Pure Chemical Industries, Ltd.), La;Os (Wako Pure Chemical Industries, Ltd.), zeolite
(mordenite, HSZ-600HOA, TOSOH Corporation). The amount of loaded-Ni for the prepared catalysts (Mni) were
analyzed by an XRF. Loaded-Ni nanoparticles were analyzed by an XRD to evaluate mean diameter of Ni (Dni). The
specific surface area (Sger) for each Ni-loaded catalyst measured by means of BET method. Surface structure of

catalysts were observed by a TEM. Characteristics of the prepared catalysts were summarized in Table 4.1.
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These catalysts was tested in the fixed-bed reactor (see Chapter 2). Note that 0.1 g of the Ni catalysts were
loaded in the reactor to carry out NHs; decomposition test below 15 cm s of gas velocity to eliminate the effects of
the lack of heat transfer.

Table 4.1  Specific surface area (Sget) of Ni-loaded catalysts.

Catalysts Mni [wt%] Dni [nm] Sget [M? g
Ni/SiO; 9.2 30.9 100
Ni/y-Al,03 9.7 8.1 106
Ni/ MgO 9.4 21.5 5
Ni/ ZrO, 8.8 16.7 3
Ni/TiO; (Anatase form) 8.0 32.1 11
Ni/TiO2 (Rutile form) 8.9 18.2 7
Ni/La203 10.0 21.6 9
Ni/Zeolite 9.1 21.0 522

4.3. Results and discussion
4.3.1. Supports effects on kinetics of Ni catalysts for ammonia decomposition

Fig. 4.1 shows the NHz conversion against GHSV at 773-973 K for Ni catalyst. From this figure, it is found
that NH3 conversion increased as temperature increased because NHs decomposition reaction is an endothermic
reaction (Eq. 2-1). In the view point of perfect decomposition, at 973 K, Ni/y-Al,O3, Ni/MgO and Ni/ZrO; has the
highest activity: these catalysts can decompose above 100,000 h! of GHSV; especially 140,000 h* of NH; was
decomposed perfectly over Ni/y-Al,Os catalyst. Below 923 k, despite Ni/y-Al.Os, prepared catalysts can’t decompose
NH3 perfectly in the whole GHSV tested. From Fig. 4.1 it is shown that support effects for NH3 decomposition were
ranked in the order of y-Al,O3 > MgO = La,03 = ZrO, > TiO» (rutile form) > SiO, > TiO, (anatase form) > Mordenite
with the temperatures ranged from 773 to 973 K.

Kinetic study was carried out from Fig. 4.1. Assuming a first-order reaction (see Chapter 2), kinetic
constant, k for each catalysts at 773-973 K was evaluated using Eq. 2-9. Fig. 4.2 shows the k values against inverse
of temperature. From this figure, it is found that Ni/y-Al.Oz exhibited the highest activity, whereas Ni/Zeolite had
the lowest activity. Activation energies, Ea and frequency factor, ko were summarized in Table 4.2. From this table, it
is shown that Ni/SiO;, TiO; (anatase form) and zeolite has the relatively lower value than that of others. Activation
energy means independency of temperatures, thus it is considered that theses catalysts showed lower activity at higher

temperature.
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Table 4.2  Activation energies and frequency factors of Ni-loaded catalysts.

Catalysts Activation energy, Ea [kJ/mol]  Frequency factor, ko [s]
Ni/SiO2 149 22.4
Ni/y-Al203 152 24.1
Ni/ MgO 154 239
Ni/ ZrO, 146 23.4
Ni/TiO; (Anatase form) 131 20.9
Ni/TiO (Rutile form) 152 23.1
Ni/La20s 143 23.8
Ni/Zeolite 129 19.8
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4.3.2. Mechanisms of support effects

As reviewed and discussed by Au et. al., there is the correlation between turnover frequency (TOF) of
hydrogen on catalyst and catalytic activity [2]. In other word, the catalytic activity for NHs decomposition over Ni
and Ru decreases with the declining of the basicity evaluated by TOFw,. Though the detailed mechanisms are not
figured out, it is speculated that basicity of the support can enhance the rate of N2 desorption from catalyst’s surface
[2]. From Fig. 4.1, it is found that y-Al.O3, MgO, La;0Os and ZrO2 which well known as solid base materials [3,4]
show the higher support effect than others. Thus it is concluded that the basicity of the support strongly affected the
activity of Ni catalysts. To understand detailed mechanisms between basicity and catalytic activity, the evaluation of
the basicity of the catalysts which were used in this study should be investigated as the future work.

TEM observation was carried out to discuss correlations between the morphology of loaded-Ni and its
kinetics. Fig. 4.3 shows the TEM images of prepared catalysts. Note that Ni/MgO could not be observed by TEM,
because the shadow of MgO was too deep to observe the loaded-Ni nanoparticles. Fig. 4.3 (b) shows the TEM images
of Ni/Al,O3, and it is found that relatively small Ni-nanoparticles were loaded. This high dispersion of loaded-Ni
also facilitate its catalytic activities due to high surface area of the support. Although SiO; also has a higher surface
area comparable to Al,Os3, the dispersion of Ni/SiO, were lower (see Table 4.1). It is considered that SiO; surface is
inert to facilitate the sintering of loaded-Ni nanoparticles. As described in Table 4.1, the loaded-Ni nanoparticles of
Ni/ZrO; and Ni/La203 were ca .20 nm. Form TEM images, relatively small particles were observed on Ni/ZrO,,
however, as shown in Fig. 4.2. (g) Ni-nanoparticles could not be clearly observed. Muroyama et. al. have pointed out
that loaded-Ni potentially form LaNiOs; with La,O3 support [1]. Therefore it is speculated that LaNiO3z formation
made the border between Ni-nanoparticles and L,O3 support ill-defined.

Rutile and anatase form of TiO, showed the different activity in this study. As described in Table 4.1,
loaded-Ni amount of the anatase-catalyst was lower than that of the rutile-catalysts. Furthermore, Ni-nanoparticle on
the anatase-catalyst is larger than that on the rutile-catalysts. TEM images in Fig. 4.3 (e) and (f) also illustrated that
the dispersion of Ni on rutile-catalysts were higher. Crystallite structure of rutile or anatase TiO; can affect the NH3
decomposition rate, however it cannot be discussed from the data in this study.

As shown in Fig. 4.3 (h), the dispersion of loaded-Ni of the zeolite catalysts seems to be relatively higher.
Though it is minor, some Ni/Zeolite has the > 10 nm small Ni-nanoparticles within its support: it is considered that
these Ni-particles were formed in pores formed by zeolite’s crystallite. Nonetheless Ni/Zeolite has the smaller Ni-
nanoparticles, as shown Fig. 4.2 this catalyst has the lowest support effects and there is relatively low temperature-
dependency. It is considered that the strong acidity of the mordenite decreased the activity of loaded Ni. Thus it is

speculated that, for instance, high-silica zeolite with weak acidity and basic zeolite decorated by alkaline metal

52



CHAPTER 4  Support Effects on Ammonia Decomposition Activity of Ni-loaded Catalysts.

(a) Ni/SiO2

See Fig. 3.5 (c).

(b) Ni/Al,O3

(c) Ni/MgO
No images, because the shadow of MgO was too deep to observe the loaded-Ni nanoparticles

(d) Ni/ZrO,

Fig. 4.3. (continued on next page) = TEM images of Ni-loaded catalysts.
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(e) Ni/TiO2 (Anatase)

(f) Ni/TiO; (Rutile)
~

Fig. 4.3. (continued from previous page) TEM images of Ni-loaded catalysts.
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(g) Ni/La203

|

Fig. 4.3. (continued from previous page) TEM images of Ni-loaded catalysts.
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potentially exhibit the high support effects.

4.4. Summary

NH3; decomposition via various support materials on which 10 wt% of Ni loaded was carried out using a
fixed-bed reactor to clarify the kinetics of support effects. Support effects were ranked in the order of y-Al,03 > MgO
= La,03 = ZrO, > TiO; (rutile form) > SiO, > TiO; (anatase form) > Mordenite from 773 to 973 K. Ni/y-Al2O3
showed the highest activity in the whole temperatures examined due to supports high basicity. Other solid base
materials, e.g. MgO, La;0s, and ZrO, showed relatively high activity. Rutile or anatase formed TiO; exhibited the
difference activity. It was considered that this is because of the dispersion and loaded-amount Ni-nanoparticles.
Mordenite had relatively small Ni-nanoparticles, however exhibited the lowest activity in the whole catalysts

examined. It was considered that the strong acidity of mordenite can decrease the activity of loaded-Ni.
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Chapter 5 Effects of Steam on Catalytic Activity on Ni/y-Al>Os for
NHs Decomposition.

5.1. Introduction

In Chapter 4, the kinetics of Ni catalysts supported by various ceramic particles were evaluated. From
these results, it was found that basic y-Al,Os has the highest support effect due to its high basicity and high
surface area, whereas Ni-loaded mordenite, which is well-known as a solid-acid ceramic, exhibited the lowest
activity. In this study, highly active Ni/y-Al,Os was used in the first trial test to decompose NHs with steam to
demonstrate thermochemical processing of NH4*-containing wastewater.

Coexisting-steam potentially deactivates the Ni catalysts. From the study of the steam reforming of
hydrocarbons, it is suggested that loaded-Ni can be deactivated by (i) sintering, (ii) formation of nickel oxide
(NiQ), (iii) poisoning by hydroxyl group (OH") derived from adsorbed H.O molecules and (iv) formation of
complex oxides with support material like NiAl.O4 [1,2]. However, there have been few efforts to figure out the
mechanisms of the deactivation of Ni catalysts by coexisting steam. To substantialize the thermochemical
wastewater-treatment process for denitrification, it is important to observe the deactivation behavior of Ni
catalysts and develop catalysts which can conduct stable decomposition of NH3 even with high steam partial
pressure.

In this chapter, NHs; conversion of NHs/steam mixture (wet-NHs) via Ni/y-Al.O; was evaluated to
discuss the deactivation mechanisms by steam. Steam partial pressure was varied from 10 to 80 kPa, and reaction

temperature was adjusted 873, 923 or 973 K.

5.2. Experimental

Catalyst test was conducted using a gas-flow fixed-bed reactor. Fig. 5.1 shows the schematic
illustration of the experimental setup. This equipment consists of float meters, syringe pump, an impinge bottle
for NHjs trapping, a soap-film meter and two stainless steel (SUS 316) tubes. These two tubes were used as a
main reactor and a vaporizer. lon-exchanged water was injected into this vaporizer using syringe pump to
provide steam to the reactor. Partial pressure was determined by the controlling the flow rate on syringe pump.

In the vaporizer tube, alumina particle with 1 mm of outer diameter was loaded in the middle of a vaporizer
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Fig. 5.1  Experimental setup for wet-NHz decomposition test.

tube to enhance the vaporization of water: this alumna bed indicated the stable supply of vapor without pulsatile
gas flow. Vaporizer tube was heated by electric furnace at 413 k. Wet-NH3 was fed to the main reactor to
decompose NHs. Unreacted NH3 and steam in outlet gases were trapped using 10 wt% H.SO. solution. NH;

conversion was determined by measuring flow rate of Ho/N. mixture.

5.3. Results and Discussion
5.3.1. Effects of steam partial pressure on the catalytic activity of Ni/Al.O3

Fig. 5.2 shows the plot of the NH3 conversion over the Ni/y-Al,Os catalyst at 873 K against the steam
partial pressure (10-50 kPa) tested with flow rate of 750 mL min ge.* for both dry- and wet-NHs. Ni/y-Al,O3
under flowing dry-NHs was found to maintain NHsz conversion ca. 65 % for 1h. When the provided gas was
switched from dry-NHs to wet-NHs, the conversions at each stem partial pressure decreased for the first ca. 20
min. however the catalytic activities were not completely lost.

The conversions under flowing wet-NHs (Xnwasseam) Were normalized by the initial conversion value

(Xnh3) to obtain the fractional conversion (Xnwasseam / Xnnz). Fig. 5.3 shows the fractional conversion versus
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Fig. 5.2  Change in NHs; conversion with time for dry- or wet-NH; decomposition via Ni/y-Al;Os.
The temperature was 873 k and the partial pressure of steam was varied over a range of 10-50 kPa.

NH; flow rate was adjusted to 750 mL min ge.r? for each steam partial pressure.

steam partial pressure (Pw20) at 873 K. The activation behavior for the conversion of NH3 above 25 kPa steam
were found to be almost same with the catalytic activity for wet NH3: which were decreased to ca. one-half of
the initial conversions value. It had been speculated that the fractional conversions decreased monotonically
against steam partial pressure, however the actual deactivation behavior were clearly different from that
speculation.

As described above, the catalyst deactivation can occur due to the sintering of Ni nanoparticles, which
decreases the active surface area. Therefore the size of Ni crystallite (Dn;) was evaluated by XRD, and then Dy
was calculated by the Scherrer equation (see Eq. 2-2). From results of a XRD analysis, Dy for as-prepared
catalyst was 16.7 nm, while Dy; for the catalyst after decomposition of wet-NHs (873 K, P20 = 80 kPa, 1 h)
was 17.9 nm. Thus it was concluded that the sintering of Ni particles didn’t occur in this study, and deactivation
behavior observed in Fig. 5.2 was not derived from sintering of Ni nanoparticles.

To obtain further understanding of the deactivation mechanisms, thermodynamics equilibrium of
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Steam partial pressure of initial condition is 80 kPa in this calculation.
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nickel on y-Al,Oz under a NHs and gaseous H,O atmosphere was calculated. This calculation was conducted by
the software for thermodynamics equilibrium calculation, FactSage (Ver. 5.2). Fig. 5.4 shows the gas
composition and NiAl,O4 ratio against NH3 conversion for wet-NH; with a steam partial pressure of 80 kPa at
873 K. Note that the steam with partial pressure for 80 kPa doesn’t cause the decrease in the equilibrium
conversion of NHs: NH3 can be decomposed at equilibrium at 873 K even if the steam atmosphere. NiAl,O4
ratio means the mole fraction ratio of NiAl>O4 against Ni, i.e. [NiAlO4)/([Ni]+[ NiAl;O4]). As shown in Fig
5.4, thermodynamics calculation indicated that NiAl.O4 could form below ca 40 % of NH3; conversion. One
possible deactivation mechanism is the oxidation of the nickel surface by steam, because NiO is probably
inactive for NHs; decomposition [1]. Another possible mechanism is the formation of NiAl.O4; however, with
the present data, it is currently not possible to determine the exact deactivation mechanism.

This calculation indicated that NiO was not generated by steam oxidation, however NiAl,O4 could
potentially be formed as described in the following equation

Ni(s) + H20(g) + y-Al,03(s) = NiAlLO4(s) + H2(9) (Eq. 5-1).

In the case of the NiAl,O4 formation on the Al,O3 support surface, loaded-Ni atoms on the surface should diffuse
into the Al,O3 with O atoms derived from adsorbed H2O. Although the thermodynamic equilibrium calculation
predicted the formation of not NiO but NiAl,O4, XRD patterns (not shown) for tested catalysts were as almost
same as that before deactivation, and didn’t show the formation of NiO and NiAl:Os. In the view point of
thermodynamics, it is not surprised that NiO was not formed by steam, however NiAl,O4 could be generated
under steam atmosphere. It is considered that adsorption of hydroxyl group on the Ni surface was a main-factor
of deactivation, or the amount of NiAl,O4 was too small to detect by XRD. Thus it is important to undertake
detailed analysis of the catalyst surface to figure out the mechanisms of observed deactivation. However
obtained results of characterization for the deactivated catalysts and thermodynamic calculation can deny that
the formation of NiO by steam and sintering of Ni nanoparticles occurred the deactivation as shown in Fig. 5.2
and 5.3.
5.3.2. Deactivation behavior of 40 wt% Ni-loaded Al,O; catalysts by steam

In the previous section, the formation of NiAlO. was not detected by XRD. To clearly observe the
change of crystallite structure, 40 wt% Ni-loaded Al,Os catalyst was prepared and tested at 873 K, 80 kPa of
steam partial pressure and 750 mL min* ge.* of NH; flow rate for 1 h. Fig. 5.5 shows the change of catalytic
activity with time for dry- or wet-NH3; decomposition. Even loading amount of Ni was increased to 40 wt%,
catalytic activity was almost same. It is considered that the diameter increased as loading amount of Ni increased.

This result is coincide with the results which Murayama et. al. reported. Although the reason why the conversion
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Fig. 5.5 Change in NH3 conversion with time for dry- or wet-NHs; decomposition
via 10 or 40 wt% Ni/y-Al,Os catalyst.
The temperature was 873 k and the partial pressure of steam was 80 kPa.

NH; flow rate was adjusted to 750 mL min ge.? for each steam partial pressure.

of 40 wt% Ni/y-Al,Os was less than that of 10 wt% is unclear, deactivation behavior of these catalysts was
similar.

As-prepared and deactivated 40 wt% Ni/y-Al,O3 catalysts were analyzed by XRD. Fig. 5.6 shows the
XRD patterns of these two catalysts. It is shown that the pattern of as-prepared catalysts indicated peaks derived
from y-Al,O3 or NiAl,O4 at 20 = 37.0° and 66.7°. The as-prepared catalysts was reduced by hydrogen at 973 K,
thus NiAl,O4 was hardly formed on the surface of the as-prepared catalysts. Therefore, it is considered that these
two peaks means existing of y-Al,Os. On the other hand, in the XRD patterns of the deactivated catalyst which
was tested at 873 K and 80 kPa of steam partial pressure, peaks derived from only y-Al,Os disappeared (see 20
=43.4° and 62.8°). This result suggested that the formation of NiAl>O4 in the 40 wt% of Ni/y-Al,O3 due to steam
atmosphere. As shown in Eg. 5-1, the formation NiAl,O4 of can cause a loss of active sites on the Ni surface.

Thus it was concidered that Ni/y-Al,Os catalyst for wet-NH3z decomposition can be deactivated due to the
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Fig. 5.6  XRD patterns of the as-prepared or deactivated 40 wt% Ni/Al;Os.

formation NiAl,O4 of by steam.

When the formation of NiAl.O. decreased the conversion of the Ni catalyst for wet-NHs, deactivation
behavior as observed in Fig. 5.3 can be explained by the mechanisms of the diffusion of Ni and O atoms into
alumina. Fig. 5.6 shows the mechanisms of the formation of NiAl.O4 in y-Al,Os phase. In the contact of Ni and
gaseous H-0, dissociation of H,O causes to generate adsorbed OH and H [3] as following equation

2(s) + H20 - (5)-OH + (s)-H (Eq. 5-2)
where (s) means the adsorption site on Ni surface. Adsorbed OH was also dissociated to generate (s)-O, and
atoms of Ni and O are solved in y-Al,Os phase to generate NiAl,O, as shown in Fig. 5.7 [4]. Thus it is considered
that diffusion constant, kit is one of the key factor of the deactivation observed in this study.

Mecartny et. al. investigated behavior of NiAl.O, formation from alumina in the N2/O; or N2/O2/H,0
atmosphere (dry- or wet-air) at 1573 K [4]. They reported that:

(i).  Diffusion rate of Ni atoms is significantly faster than O atoms in the both atmosphere.

(if).  Water-vapor enhances the diffusion of O atoms in the y-Al.Oz phase. Diffusion constant, Kqif is 7.93
x10 or 1.46 x10*3 m? s* for dry- or wet-air (with 20 vol% of steam) at 1573 K, respectively.

(iii). kair increased as steam volume fraction increased below 20 vol% of steam, however above 20 vol%

kqifr maintained constant value. For instance kgt at 80 vol% of steam was 1.42 x103 m? s,
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Fig. 5.7 Deactivation mechanism of the Ni/y-Al,O; by the formation of NiAl,O4

in humidity environment.

vapor
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Fig. 5.8  Diffusion mechanism of proton derived from adsorbed hydroxyl group.
Existence of a saturation point of increasing behavior of diffusion constant often has been observed in humidity

environment [5]. In steam atmosphere, O and H* ions derived from adsorbed OH diffuse into y-Al,Os phase.

Diffusing protons can be bonded with O% ions within the Al,O3 as shown in Fig .5.8. Protons derived from the
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adsorbed OH are bonded within oxygen anion, O% in Al,O3 phase [6]. Bonded proton within the alumina phase
decrease the repulsions in the p-electron cloud of the oxygen anion, as a result, the diameter of oxygen anion in
alumina was decreased to enhance the mobility of O derived from adsorbed OH [7,8].

Thus it is considered that below 20 kPa of steam partial pressure deactivation effect by the formation
of NiAl>O;4 increased as kqir of O atom in the Al,Os phase increased, while above 20 kPa of steam decreasing
ratio of catalytic activity was constant because kit attained to a saturation point.

5.3.3. Deactivation by adsorbed hydroxyl group on the Ni surface.

In the previous section, the results from XRD analysis suggested that the formation of NiAl,O4 along
with deactivation of 40 wt% Ni/y-Al,Os of catalyst caused the deactivation, and the deactivation behavior can
be explained by the mechanisms of diffusion of Ni ant O atoms into the y-Al.O3 phase. However it is considered
that a surface diffusion of hydroxyl group (OH") derived from steam is also one of the major factors for
deactivation of catalysts. Surface diffusion of hydroxyl ions is known to be significantly faster than oxygen ion

diffusion for alumina [3]. Thus it is necessary to investigate the effects of adsorbed OH.
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Fig. 5.9 Catalyst regeneration by the Ar flash or dry-NHz decomposition
via 40 wt% Ni/y-Al,O3 at 873 K and 750 mL min? gear™.
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To evaluate the deactivation by OH wet-NH; decomposition test as shown in Fig. 5.8 was conducted
using 40 wt% Ni/y-Al;Os. In the first 1h, dry-NHs decomposition was conducted. Similar to Fig. 5.5, there was
no deactivation of catalyst under flowing of dry-NHs;, however the catalyst was deactivated by steam for next 1
h: NHs; conversion via deactivated catalyst fell out to ca 20 %. Then the catalyst was flashed by flowing of Ar
gas for 1h. In Ar atmosphere, the generated NiAl>O4 probably should be stable: it is unlikely that a thermal
decomposition of NiAl>O4 expressed as following equation progressed.

2NiAl,04 = 2Ni + O(g) + Al,03 (Eq. 5-3)
However adsorbed OH can be desorbed in this 1 h following the reverse reaction of Eq. 5-2.

After Ar flash, dry-NHs decomposition was conducted for 1 h. In this sequence, the catalyst
regenerated and exhibited as the almost same activity as the initial activity. It is considered that generated
hydrogen along with the decomposition of NH3; reduced NiAl:O.. Although the conversion was slightly
regenerated under flowing dry-NHs, it seems that NH3 conversion was increased by Ar flash. It is considered
that adsorbed OH was removed in this operation. From Fig. 5.9, adsorption of OH and a formation of NiAl.O.
could deactivated the catalysts, and the latter had a high impact on catalyst deactivation then the former.

5.3.4. Effects of flow rate and temperature on wet-NH; decomposition.

NH; decomposition reaction (see Eg. 2-1) is an endothermic reaction. Therefore higher temperatures
facilitate the NH3 decomposition. In practice, NHz conversion increased as temperature increased (see Fig. 4.1).
Furthermore, the residence time (or flow rate) is a key factor in a fixed-bed reactor. Thus it is important to clarify
the effects of these reactor operating conditions on the NH3 conversion.

Fig. 5.10 shows the NH3; conversion against dry- or wet-NH3 flow rate (0 or 80 kPa of steam partial
pressure, respectively) at 873, 923 and 973 K. the value of this partial pressure corresponds to the vaporization
of 20 wt% of NHjs solution that is well-concentrated by e.g. membrane separation or NHs stripping technique.
The solid and dashed lines in this figure show the change in the conversion of NH3 with the NH3 flow rate for
fry- or wet- NHjs, respectively, at each temperature. The results indicate that NH3 conversion under dry-NHs;
increased with an increase in the temperature, and decreased as the flow rate increase, whereas expect in the
case of 873 K, the conversions under wet-NH; didn’t decrease monotonically as the flow rates increased.
Although the mechanism of this behavior have been unclear, it is possible that deactivation kinetics of catalysts
against each flow rate were varied at 923 and 973 K. If the diffusion rate of Ni into NiAl,O4 was clear, the
reason why we-NHs conversion at 923 and 973 K was constant may be understood.

The activities of the Ni/y-Al,O; didn’t change under flowing wet-NHs with temperature or flow rate,

whereas the fractional conversions at high temperature should be lower than that 873 K. Fig. 4.11 shows the
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fractional conversion of wet-NH; against temperature for flow rates of 750, 1000 and 1500 mL min ge.*. The
fractional conversion is shown to decrease with temperature at each flow rate. It is considered that diffusion
coefficient of O atoms increased as the temperature increased. As a result, fractional conversion for each flow

rate declined.

5.4. Summary

In this chapter wet-NH3; decomposition over Ni/y-Al,O3 was conducted by providing NH; and steam
into the fixed-bed at 873, 923 and 973 K, and verifying the partial but stable decomposition of wet-NH;
decomposition was succeeded. Although Ni/y-Al,O3 was initially deactivated by steam for ca. 20 min, the
catalyst subsequently showed the constant activity. At 873 K the catalytic activity was decreased to half of the
initial conversion in the presence of steam with a partial pressure 10-80 kPa. From thermodynamics equilibrium
calculation, XRD analysis and the decomposition behavior of wet-NH; decomposition, it was considered that
the formation of NiAl.O4 on catalyst surface and adsorption of hydroxyl group (-OH) caused the observed
deactivation of the catalyst.

Fractional conversions for wet-NHs at 873 K decreased as steam partial pressure increased below 25
kPa of steam, whereas fractional conversions above 25 kPa of steam maintain ca. 0.5. It is considered that this
is because increment of diffusion coefficient of O atoms derived from adsorbed -OH with an increase of steam
partial pressure attained to the saturation point. Temperature dependency of wet-NH; decomposition was also
observed with various flow rates. The results showed that fractional conversion decreased as temperature

increased. The diffusion of O and Ni in the y-Al,O3 phase can be enhanced due to increase of temperature.
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Chapter 6 Support Effects on Steam Deactivation in Ni-loaded Catalysts
for Ammonia Decomposition

6.1. Introduction

In Chapter 5, the demonstration of thermochemical wet-NH; decomposition was succeeded using
Ni/y-Al,O5 catalyst at 879-973 K. However wet-NHs couldn’t be decomposed perfectly due to the deactivation
of loaded-Ni catalysts. From XRD analysis and thermodynamic equilibrium calculations, these results indicated
that loaded Ni formed composite oxides with y-Al,Os, NiAl,Os as Ni/y-Al,Os was deactivated by steam.
Furthermore, deactivation and regeneration behavior of Ni/y-Al,O3z implied that adsorption of hydroxyl group
(-OH) on Ni surface can deactivate the catalysts. Thus it was considered that, if the suitable support was selected,
deactivation due to the compound-oxides formation between Ni and supports can be inhibited.

From the results in Chapter 4, support effects for various ceramics material for dry-NHs were made
clear. However reactivity between Ni and supports under steam atmosphere should be important for perfect
decomposition of wet-NHs. In this chapter prepared various Ni-loaded catalysts were tested to evaluate the wet-
NHs conversion. Support material which can reduce the deactivation of the Ni catalysts was explored, and

kinetic study was carried out to compare the kinetics between dry- and wet-NH; decomposition.

6.2. Experimental
Ni-loaded catalysts were prepared by the wet-impregnation method (see Chapter 2 and 4). Ni/SiOg, y-
Al>O3, ZrO,, La;0s, TiO2 and Mordenite were tested. Note that MgO can’t be used in a steam atmosphere,
because MgO potentially reacts with H2O as following equation:
MgO + H20 > Mg(OH), (Eqg. 6-1)
Thus wet-NH3; decomposition via Ni/MgO wasn’t conducted. Other catalysts were tested using gas-flow fixed-

bed reactor as shown in Fig. 4.1 to observed NH3; decomposition behavior.

6.3. Results and Discussion

6.3.1. Wet-NH3 decomposition via various Ni-loaded catalysts at 873 K.

Fig. 6.1 shows dry- and wet-NHs; conversion against time via various Ni-loaded catalysts at 873 K.
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(a) Dry- or wet-NH3 conversion change against time.
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Fig. 6.1

Change in dry- and wet-NHs conversion with time via various Ni-loaded catalysts at 873 K.

Flow rate of NHz and steam partial pressure were 750 mL min ge* and 80 kPa, respectively.
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NHs flow rate for both dry- and wet-NHs was adjusted to 750 mL min™ ge.t. Steam was provided in the wet-
NHs; decomposition as steam partial pressure was 80 kPa. In first 30 min dry-NHs decomposition was carried
out, and then provided gases was switched to wet-NHs. Deactivation behavior was observed for 30 min. Dry-
NH; decomposition for each catalyst kept constant value ranged from 60 to 70 % for 30 min. In the next 30 min,

all catalyst decreased in ca. 15 to 20 min, however they lost the catalytic activities perfectly.

As shown Fig. 6.1, the activity of Ni/SiO, for wet-NHjs slightly decreased comparing to other catalysts.
The conversion of Ni/SiO- for dry-NHs was ca. 65 %, and that for wet-NHs decreased to ca. 57 %. Though not
shown, both of rutile and anatase form of TiO, for dry- and wet-NHs; conversion exhibited same activities in
this condition. The coexisting steam on Ni/La,O3z and ZrO; were relatively high influential than other catalysts.
Especially, as shown in Fig. 6.1-(b), 80 % of Ni/La,Os’s activity was lost along with steam deactivation.
Deactivation behavior for each catalyst was similar, thus it was considered that the deactivation mechanisms
was same to that of Ni/y-Al,Os: formation of Ni composite oxides and adsorption of —OH decreased NHs
conversions.

From Fig. 6.1-(b), 90 % of NH3 decomposition activity remained even with coexisting steam (80 kPa).
It was concluded that SiO; support can inhibit the deactivation by steam. Because of lack of the thermodynamic
data for the composite oxide between Ni and SiO, and researches for diffusion of Ni and O atoms into SiO;
phase, detailed discussion can’t be conducted. However the formation of Ni,SiO4 was reported [1-3]. To figure
out the mechanisms of the tolerability for steam deactivation, it is necessary to evaluate the diffusion coefficients

of Ni and O atoms in various ceramic phase.

6.3.2. XRD analysis for deactivated Ni/La,Os3 catalyst

To investigate the deactivation mechanisms except for that of Ni/y-Al.Os, deactivated Ni/La,Os was
analyzed by XRD. In the Chapter 5, it is found that, using 40 wt% Ni-loaded catalyst, the change of XRD pattern
could be clearly observe. Thus 40 wt% Ni/La,Os was prepared, and the conversion for wet-NH3; was evaluated.
Fig. 6.2 shows the dry- and wet-NHs conversion change via 10 or 40 wt% Ni/La,Os against time. Both of
conversions were almost same.

XRD patterns for as-prepared or deactivated 40 wt% Ni/La,Oz are shown in Fig. 6.3. The XRD pattern
of the as-prepared catalyst indicates the peaks derived from metal Ni and La,Os, whereas for the deactivated

catalyst most of La;Os’s peak were disappeared, and peaks derived from NiLa,O4 were observed.
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Fig. 6.2  Dry- or wet-NHj3 conversion against time via 10 or 40 wt% Ni/La,O; at 873 K.

Flow rate of NH3 and steam partial pressure were 750 mL min? gc* and 80 kPa, respectively.
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Fig. 6.3  XRD patterns of as-prepared or steam-deactivated 40 wt% Ni/La,Os.
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Note that the unknown peaks were not observed in the both of XRD patterns. Moreover an intensity ratio of
support/Ni was clearly different between as-prepared and deactivated catalysts. An intensity ratio (lsupport/ Ini)
between the major peak of support (La,Os, 20 = 28.0°) and metal nickel (20 = 44.5°) was 0.87 [-] for the as-
prepared catalyst. This means that intensity derived from Ni crystallite was stronger than that from support’s
crystallite. On the other hand, an intensity ratio between the major peak of support (NiLa,O4, 26 = 29.9°) and
metal nickel was 1.29 [-] for the deactivated catalyst. It is considered that this intensity ratio indicated the
decrease of the diameter of Ni crystallite along with diffusion of Ni atoms into La>O; phase. The result from
Fig. 6.3 suggested that Ni and O atoms diffused into La,O3 phase to occur catalytic deactivation as well as the
mechanism of deactivation of Ni/y-Al;Oa.
6.3.3. Observation of wet-NHs conversion via Ni/SiO:

From the results shown in Fig. 6.1, it was concluded that Ni/SiO; catalyst can show high activity for
wet-NH; decomposition comparing to other catalysts. Thus temperature of flow rate dependency of wet-NHs;

conversion via Ni/SiO, was observed to explore conditions for perfect decomposition of wet-NHa.

100 — @ S

_ .. R
B -
80 | -

70 L= g
60 | i LN - | 923K
u. . 9.

50 | ...

40 |

Ammonia conversion [%]
-
‘oo
-.‘J
e
Py

30 |

20 t

10 F

D: I — L JI|| Illh L ||Il —
0 200 400 800 800 1000 1200 1400 1600

Ammonia flow rate [mL min 1 g 1]

Fig. 6.4  Wet-NH; conversion against NHs flow rate via Ni/SiO; catalyst at 873-973 K.

Steam partial pressure was adjusted to 80 kPa for each decomposition.
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Steam partial pressure for each case was adjusted to 80 kPa. NHs flow rate in wet-NH; was varied from 150 to
1,500 mL min? geart (GHSV = 3,200-32,000 ht). At 873 K Ni/SiO; catalyst couldn’t decompose wet-NH;
perfectly. However, contrary to Ni/y-Al,O; (see Fig. 4.10), the conversion increased with a decrease of flow
rate. Increasing the temperature to 923 K, the conversions in whole flow rate examined increased, and the
catalysts decomposed wet-NHs perfectly at 150 mL min? ge.rt of NH3 flow rate (GHSV = 3,200 ht). At 973
K, 300 mL min* gea* of NH3 in wet-NH; could be converted into hydrogen and nitrogen. Thus it was
concluded that Ni/SiO2 has the highest activities for wet-NHs, and it can decompose wet-NHj3 perfectly above
923 K even if steam partial pressure is 80 kPa.

It is speculated that very few Ni and O atoms can diffuse into SiO- phase, or Ni and SiO; hardly
react to generate some composite oxides, as a result there is a little decrease of wet-NHs; conversion. Although
there are the composite oxides formation such as NiSiO3 and Ni.SiO4 at high temperature, unfortunately there
is a lock of their detailed thermodynamic date. Moreover, few studies have been carried out to investigate the
diffusion of Ni and O atoms into SiO, phase. For more detailed consideration of the mechanisms that Ni/SiO,
inhibits the steam deactivation of catalyst, detailed data of thermodynamics and diffusion behavior in SiO;
solid were necessary.

6.3.4. Kinetics of wet-NH3; decomposition via Ni/SiO; catalysts.

In the previous section, perfect decomposition of wet-NHs via Ni/SiO; catalyst was demonstrated.
The kinetic study of wet-NH3z decomposition was carried out to compare kinetics under dry- and wet-
atmosphere. Kinetics of the catalytic activities for the wet-NH; decomposition was studied based on the
design equation of the plug-flow-reactor (see Eq. 2-9).

A temperature dependency of kinetic constants of Ni/SiO; catalyst for dry- and wet-NH3
decomposition was shown in Fig. 6.5: this figure indicates the Arrhenius plot for dry- and wet-NHs;
decomposition. It is found that the reaction rates of wet-NH3; decomposition were slower than that of dry-NH;
due to steam deactivation of the catalyst. As shown in Table 4.2, the activation energy (E.) and frequency
factor (ko) for dry-NHs decomposition are 149 kJ mol™ and 22.4 s, respectively, whereas E, and ko for wet-
NH3 decomposition which are evaluated from Fig. 6.5 are 120 kJ mol* and 18.3 s, respectively. The
frequency factor for wet-NHs was lower than that of dry-NHs, thus it was considered that active sites on Ni
surface was decreased by the adsorption of hydroxyl group. The activation energy for wet-NHs decomposition
also decreased. As shown in Fig. 5.6, loaded Ni nanoparticles on out surface which don’t exist in support’s
pore were preferentially deactivated by adsorption of —OH. When outer Ni particles were poisoned, only Ni

particles in inmost pore were used as active sites for NHz decomposition. In this situation, pore diffusion
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Fig. 6.5  Arrhenius plot of dry- or wet-NH3 decomposition via Ni/SiO; catalysts.
Steam partial pressure in wet-NHs decomposition was 80 kPa.
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resistance should affect the overall conversion of wet-NHs decomposition [4,5]. As figured out in Chapter 3,
the apparent activation energy decreased as diffusion resistance increase. Thus, it was considered that the

activation energy for wet-NH; was lower than that for dry-NHs; due diffusion resistance of pore.

6.4 Summary

Ni-loaded various ceramic particles were used for wet-NHs; decomposition. It is found that Ni/SiO2 can
exhibited the steam activation, whereas the effect of steam was the most serious in whole catalyst examined.
Fractional conversion of Ni/SiO- at 873 k was ca. 0.9 [-]. To investigate the deactivation mechanism of Ni/La;Os,
XRD patterns of as-prepared and deactivated catalyst were compared. The XRD patter of the steam-deactivated
catalyst indicated the formation of NiLa>O4, and most of peaks derived from La,Os; were disappeared. It is
considered that the composite oxide formation derived from Ni and La>O; deactivated the catalysts as well as
Ni/y-Al,0s.

To demonstrate the perfect decomposition of wet-NHs, Ni/SiO, was tested at 873, 923 and 973 K in the
NH; flow rates ranged from 150 to 1,500 mL min* ge.t. The wet-NHs conversion increased as temperatures
increased or NH; flow rates decreased. At 923 K, wet-NHj3 via Ni/SiO, was decomposed perfectly below 150
mL min?t gear®. It is considered that Ni and SiO; hardly react to form some composite oxides, as a result wet-
decomposition could be achieved.

The kinetic study for dry- and wet-NH; via Ni/SiO, decomposition indicated that the activation energy
and the frequency factor decreased affected by steam. Decrease of frequency factor can be explained the
adsorption of hydroxyl group (-OH) on Ni surface. This adsorption was occurred preferentially on the outer
surface, and it is considered that contribution of Ni nanoparticles in inmost pore for NHs; decomposition should
increase. The diffusion resistance in pore decreased the apparent activation energy along with adsorption of —

OH.
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Chapter 7 Conclusion

In Chapter 1, two application of Ni-loaded catalysts for NHsz; decomposition were proposed:
application for (i) NH; energy process to convert NH; to H. and (ii) for thermochemical denitrification of
ammonia nitrogen (NH.") in wastewater treatment. The thermochemical denitrification process targeted in this
study decompose NH3 gas from in wastewater over Ni-loaded catalysts.

In Chapter 2, 3 and 4, heat and mass transfer phenomena in the catalysts bed was analyzed to estimate
support effects of various ceramic materials under conditions where the influences of cold-spot formation and
pore diffusion resistance can be ignored to explore the active Ni catalysts. In Chapter 5 and 6, to demonstrate
the denitrification of and hydrogen production from wet-NHs, kinetic study of various Ni-loaded catalysts was
carried out, and subsequently wet-NHs; decomposition over Ni catalysts was conducted. Statements of each

chapter of this thesis described below.

In Chapter 1, the progress of the development of Ni-loaded catalysts were reviewed, and described
that after 1990s NH3 decomposition catalysts over cheap but active transition metals have been investigated to
established hydrogen energy system via NHs energy carrier. Various Ni-loaded catalyst have been widely
investigate, however few works discussed the heat and mass transfer in the catalyst beds. To certainly evaluate
and explore effective support, it is important to analyze temperature distribution along which NH;
decomposition and pore diffusion regime. Furthermore, this thesis proposed the novel thermochemical
denitrification process via NHs/steam mixture decomposition for wastewater treatment. Present bioreactor have
been relatively larger, in other words its reaction rate was too slow. Therefore, the development of the compact
and stable wastewater treatment processes have been desired. In this chapter the process of the thermochemical
ammonia decomposition for denitrification and hydrogen production. However to conducted catalytic

decomposition of NH3 co-existing steam.
In Chapter 2 and 3 the heat and mass transfer in the catalyst bed and kinetics were figured out.

In Chapter 2, dry-NH; decomposition via Ni/SiO, catalysts was conducted with various gas velocity

to investigate the effects of temperature distribution in the bed. Although kinetics constants, k for > 80,000 h*

80



CHAPTER 7  Conclusion

was almost constant, those for < 80,000 h* decreased as gas velocity decreased. From the numerical
calculations it is concluded that the cold spot formation with lower gas velocity decreases the total conversion
of catalysts bed. At more than 80,000 h™ of the gas velocity, the variation of the temperature distribution for T,
=973 K was less than 10 K, and those below 923 K was less than +5 K: in these conditions the influences
can be eliminated to evaluate certain Kinetic constants.

In Chapter 3, diffusion regime in Ni/SiO; with different mean pore diameter were evaluated. The mean
pore diameter was varied from 7.7 to 34.8 nm. From the evaluation of Knudsen number for pore diffusion and
kinetics for Ni/SiO; catalysts, it is found that, above 923 K, the catalytic activities Ni/SiO, with 7.7 nm of mean
pore diameter increased due to strong diffusion resistance derived from Knudsen diffusion.

In Chapter 4, the support effects of various ceramic particles were investigated in the view point of
kinetics of dry-NH; decomposition. From the results of NH3; conversion change against NH; gas hourly space
velocity (GHSV), support effects for NH3 decomposition were ranked in the order of y-Al,O3 > MgO = La;0; =
ZrO; > TiO; (rutile form) > SiO, > TiO; (anatase form) > Mordenite with the temperatures ranged from 773 to 973
K. It is considered that y-Al,O3 has the most effective support due to its high basicity. On the other hand, moredenite

decreased activity of Ni because it was a solid base.

Previous chapter showed that Ni/y-Al,Os3 is the most active catalysts for dry-NHs decomposition. Thus, in
Chapter 5, decomposition of wet-NH3z with 0.8 kPa of steam partial pressure via this catalyst was conducted. Although
steam deactivation was observed, the results showed verifying the partial but stable decomposition of wet-NH3
decomposition was succeeded. From the XRD analysis and thermochemical equilibrium calculations, it is
considered that diffusion of Ni and O atoms into y-Al.O3 phase and NiAl,O4 formation decreased the conversion
over Ni/y-Al;Os catalyst.

In Chapter 6, to achieve the perfect decomposition of wet-NHs, the most effective catalyst for wet-
NH; decomposition was explored. It was found that SiO, support could inhibit the steam deactivation. Ni/SiO,
catalyst can decompose wet-NH; perfectly at 923 K and 150 mL min gca* of NH3 flow rate. The kinetic study
for dry- and wet-NHs; via Ni/SiO, decomposition was carried out. The frequency factor of wet-NH3
decomposition was lower than that of dry-NHs. This is because of the adsorption of hydroxyl group. The
activation energy of wet-NH; decomposition was also lower than that of dry-NHs. Adsorption of hydroxyl group
was occurred preferentially on the outer surface, and it is considered that contribution of Ni nanoparticles in
inmost pore for NHs; decomposition should increase. The diffusion resistance in pore decreased the apparent

activation energy along with adsorption of —OH.
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This thesis evaluated the kinetics of Ni-loaded catalysts under the conditions where uniform
temperature distribution can be assumed, and estimated the influences of pore diffusion regime on kinetics of
Ni catalysts. The obtained insights in this thesis should be useful to design the NH3; decomposition reactor and
its catalysts. Furthermore, to demonstrate the hydrogen production and denitrification from ammonium-nitrogen
in wastewater, NH3 decomposition behavior with co-existing steam was observed. The experimental results
show that —OH adsorption and the formation of complex oxides of Ni with support material may decrease the
NH; decomposition rate. Exploring the most active catalysts, it is found that SiO; has the highest support effects,

and wet-NHs via Ni/SiO, was decomposed perfectly below 150 mL min? gesrt at 923 K.
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