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CHAPTER 1 INTRODUCTION AND BAsic CONCEPTS

1 BACKGROUND

New energy sources must be developed in response to growing worldwide demand
for energy and man’s commitment to the environment. Since it is impossible to satisfy
all energy demand with new energy sources immediately, new systems of highly
efficient use of fossil energy must be developed.

The Japanese “HEAT PUMP TECHNOLOGY CENTER” reported recently that
conventional heat pumps can save about 1 % of the total energy consumption in
JAPAN. To reduce energy consumption still more, new heat pump systems, such as
chemical heat pumps, are needed.

Chemical heat pumps are one new system for highly efficient use of energy.
Chemical heat pumps transfer solar energy, geothermal heat and thermal waste heat
into chemical substances by chemical reaction and upgrade their potential heat by

raising the temperature.

1.1 Chemical heat pumps

(1) Definitions of Chemical Heat Pumps 17)32)33)

Chemical heat pumps involve processes which use exo- and endothermic reverse
chemical reactions. The chemical heat pumps can store industrial waste heat or natural
heat such as solar energy and upgrade such heat by raising the temperature.

These processes are useful, since they enable us to:

Use energy highly efficiently

Control working temperature easily, and

Store and transport energy in the form of stable chemical substances without

energy loss

Therefore, the early realization of their practical use is expected in the fields of large
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scale industries and energy usage.
Many kinds of reactions are considered for chemical heat pumps:
1) Hydrogenation, isomerization and hydration
2)  Adsorption of condensed vapor by liquids and solid salt
3) Mixing of different species of liquids
4) Adsorption of gas into porous material
5) Hydrogenation of metal

6) Formation of clathrate compounds
Each reaction has common problems of a way to supply reaction heat ef ficiently.

(2) Chemical heat pumps using organic substances 1)4)-16)19)21)22)30)31)

Isopropanol/Acetone/Hydrogen (IAH) cycle and Cyclohexane/Benzene/Hydrogen
(CBH) system are types of chemical heat pumps using organic substances.

IAH cycle with reaction couple of isopropanol dehydrogenation and acetone
hydrogenation has been proposed (Figure 1.1). Fundamental studies such as catalyst,
reactor, efficiency etc. have been undertaken at Saito laboratory at Tokyo Science
university and Kameyama laboratory at TOKY O Univ. of Agri. & Tech. Recently, a
bench-scale plant was constructed by JGC corporation under contract from NEDO
(Figure 1.2).

CBH system with reaction couple of cyclohexane dehydrogenation and benzene
hydrogenation has been also proposed (Figure 1.3). Feasibility studies have been
done in some laboratories, but fundamental study has been undertaken at Kameyama
lab. at TOKYO Univ. of Agri. & Tech.

(3) Cyclohexane/Benzene/Hydrogen chemical heat pump system 33)20)

The CBH chemical heat pump combines compressive work and a reaction couple
of benzene hydrogenation at 623 K, 20 atm and cyclohexane dehydrogenation at 473
K, under 1 atm. The system is hopefully a way to realize efficient use of many kinds of
waste heat such as;

1) Thermochemical hydrogen production process
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2) Methanol fuel cells

3) Several technologies using sunshine.

The reaction couple is expressed as equation (1.1).

CgHs + 3H, <> CH 2 + 206 kJ/mole (1.1)

Several applications of CBH chemical heat pump have been proposed.

1) Back up system for the UT-3 thermochemical hydrogen process as a heat and
hydrogen storage system (Figure 1.4) 15).

2) Utilization for the world energy network (WE-NET) system that transports
hydrogen produced elsewhere to Japan.

3) Combination of IAH cycle and CBH cycle. Here it would be possible to raise the
temperature level of heat, available at 353 K, up to a temperature of about 623 K
(Figure 1.5).

4) Back up system for fuel cell as a heat storage system.

1.2 Role of wall type reactor and plate type catalysts

To realize the efficient use of many kinds of heat, a wall type reactor is required.
In the wall type reactor, the endothermic or exothermic reaction takes place on the
catalyst wall. The reaction heat is recovered and supplied simultaneously through the
reactor wall without exergie loss.

In the wall type reactor, catalyst layer is formed on the surface of the reactor wall.
The following are requirements of the catalyst to create this reactor:
1) High thermal conductivity to avoid exergie loss
2) High catalytic reactivity to achieve small sized reactor
3) High selectivity for reaction, for high efficiency of the CHPs.
4) High durability and easy reactivation, for low running cost of the CHPs
5) Technique to prepare various shapes of the catalyst, to make wall type reactor

from commercial heat exchangers
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Many techniques have been proposed to prepare a catalyst layer on the reactor

wall. These are ;

1) Spray or coating of catalyst on reactor wall 25)2)3)

2) Galvanizing of catalyst metal 18)

3) Leaching of Raney alloy 28)29)

4) Anodic oxidation and hot water treatment method 19)22)

These methods, except the anodic oxidation method, have critical defects of low
reactivity and omission of catalyst.
In this thesis, anodic oxidation and hot water treatment 19)31)14) is adopted as the

preparation method of the plate type catalyst.

1.3 Anodic oxidation 23)24)26)27)
Anodic oxidation of aluminum is widely known and applied in many areas of
surface treatment for;
1) Stabilizing or coloring the surface
2) Creating non-conductive film of electrolytic capacitor

3) High-density magnetic film for data storage

Yamada et. al. have reported the effect of anodic oxidation on controlling porosity
or morphology of alumina. They also studied catalytic reactivities of the alumina layer
stripped from the aluminum plate.

Heat conductivity of this anodized alumina/aluminum catalyst is ten times higher
than conventional alumina pellet catalyst 19)31). It is possible to use commercial

aluminum and aluminum and stainless clad plate as base material 12)13).

2 PURPOSE

Main purpose of this thesis is preparation of plate type catalyst and design of tube
wall type reactors for practical use in the CBH-CHP. The following require study

20
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ahead of practical usage of this technique:

1) Development of preparation technique of a plate type catalyst by the combination
of anodic oxidation of commercial aluminum plate of 99.5% purity and successive
hot water treatment.

2) Prevention of deterioration of catalytic reactivity.

3) Development of catalysts in shape of tube-wall, fin-tube and plate-fin reactors.

4) Examination of performance of the tube wall reactor, compared with that of a
fixed bed reactor, by calculating temperature and conversion distributions inside
the reactor.

5) Proposal of improvement of process flow and operating conditions for heat

storage/release operating mode.

3 ORIGINALITY

(1) Preparation method of plate type catalyst
Preparation conditions of PUA1,03/Al plate type catalyst with high reactivity were
established. Catalyst thickness more than 300 ym and porosity up to 0.7 were possible,

by controlling thickness and porosity of anodized alumina layer.

(2) Durability of plate type catalyst
Quality analysis of plate type catalyst under cyclohexane dehydrogenation was

conducted and deactivation model was proposed. Long life test up to 1000 h was
studied using integral reactor. The conversion change with time was illustrated using

this model.

(3) Design of plate type catalyst

As contributors to effectiveness factor, optimum thickness and structure of plate

type catalyst layer were proposed. The optimum thickness depends on reaction

conditions and kind of reaction.
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including heat storage/release operating mode are studied. Operating
e ik i parameters are also studied in Chapter 9.

Mass transfer in tube wall reactor developing laminar flow was experimentally

studied. According to the results, a simulator of the tube wall reactor was made. Chapter 10 Conclusions

5 Optimum desxgn.of tube wall reactor, demonstrating both small and large duty, was i Conclusions of each chapter and lists of published papers and presentations
PropRac are shown.
(5) Improved process flow and operating conditions
Improvement of the process flow of CBH-CHP bringing tube wall reactor into full
10 play is proposed. Operating conditions for heat storage or release operating mode are i
al ed.
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Figure 1.3 Process flow of Cyclohexane/Benzene/
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CHAPTER 2 THE PREPARATION METHOD OF THE PLATE TYPE
CATALYST USING CHROMIC ACID

INTRODUCTION

In the fixed bed reactor, it is difficult to keep reaction temperature the
same throughout the radius. This is because thermal conductivity of packed
catalyst is low and contact thermal resistance of catalysts is large. The
distribution of reaction temperature in radius, which is called hot spots in
case of an exothermic reaction, causes side reactions, difficulty in
controlling the reaction and damage of the catalyst.

To dissolve the weak points of the fixed-bed reactor, plate type catalyst
whose catalyst layer is directly formed on the metal body of reactor wall is
proposed (see Figs 8.7, 8.9 p.159) 3). A reactor equipped with this type of
catalyst is called a wall type reactor. In the wall type reactor, distribution
of reaction temperature is not observed, due to its high thermal conductivity
1). The wall type reactor can serve as a heat exchanger, since the catalyst is
expected to exhibit high thermal conductivity and low pressure loss.

Other preparation methods of plate type catalyst have been reported,
such as anodic oxidation method, spray method, galvanizing method and
leaching method of Raney alloy. The methods other than anodic oxidation
have a fatal defect, i.e. the catalytic reactivity is low and the catalyst layer is
detached from metal body easily.

A PUALO3/Al plate type catalyst was prepared by anodic oxidation
followed by hot water treatment and calcination of a commercial aluminum
plate. Alumina catalyst support is produced by anodic oxidation and
subsequent hot water treatment which impregnates Pt as a catalyst species.
BET surface area of the alumina layer is increased by calcination after the
hot water treatment. This catalyst has high thermal conductivity and the

catalyst layer did not detach from the metal body after a long period of

reaction test. A reactor equipped with this type of catalyst can serve as a
heat exchanger due to the high thermal conductivity and low pressure loss.

The basis for the production of plate type catalyst was established as
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followings 1)2)4)5)9).

1) Development of the preparation method by the combination of
anodization of aluminum plate of 99.99 % high purity and successive
hot water treatment (HWT). Maximum thickness of catalyst layer was
10 pm.

2) Development of a catalyst in the shape of a tube with spiral plate inside
for the exothermic hydrogenation of benzene, using commercial
aluminum.

In this chapter, the best conditions for catalyst preparation using

chromic acid for anodic oxidation are identified.

1 EXPERIMENTAL

1.1 Preparation of the catalyst

(1) Anodic oxidation (AO)

The experimental apparatus of anodic oxidation is shown in figure
2.1. The raw materials used were high quality aluminum (99.99 % in
purity and 0.1 mm in thickness) and the commercial aluminum plate (JIS
A1050: 99.5 % in purity, 0.3 mm in thickness). A piece of the plate (from
40 x 140 mm to 240 x 240 mm) was pre-treated in 20 wt% aqueous solution

of NaOH for 3 min., and in 30 wt% HNOs3 for 1 min., successively. The
plate was anodized in 2.5-4.0 wt% of chromic acid aqueous solution at
current density of 19-2000 A/m2, at 283-313 K and for 2-24 h with copper

plate as cathode. The anodized plate was rinsed with water, and then dried
at 623 K for 1 h.

(2) Hot water treatment (HWT)
In this process, platinum is impregnated in the alumina layer by hot

water treatment. The experimental apparatus was shown in figure 2.2.
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The hot water treatment was conducted in HpPtClg solution of 0.2-1.0 Pt-
g/L at pH 11.4 (controlled by ammonia), at 353 K and for 1-4 h. The plate
was rinsed with deionized water, soaked in 0.3 wt% KCI solution at room
temperature for 20 min and rinsed with deionized water again. Then, the

plate was dried at room temperature and then calcined in air at 623 K for 1
h.

1.2 Characterization of the catalyst

(1) Thickness of alumina layer
ISOSCOPE MP-2 (Helmut Fischer) was used to measure the thickness of

alumina film.

(2) BET surface area
The surface area and pore size distribution of the catalyst were determined

with BET apparatus.

(3) Platinum content
Quantity of platinum content was measured by atomic absorption

spectroscopy (Shimazu A A-680).

(4) Platinum dispersion
Platinum dispersion was determined by CO pulse method 8).

(5) EPMA analysis of the cross section of the catalyst

Platinum distribution in the alumina layer was measured by X-ray

microanalyser (XMA).

1.3 Measurement of catalytic reactivity

In this study, we evaluated catalytic reactivity by cyclohexane

- dehydrogenation which is used for endothermic reaction of CBH-CHP 4).
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The chemical reaction is expressed in equation(2.1).

473K
CsH o + 206 kJ/mole < CsHg + 3H> (2.1)

The flow type feactor (figures 2.3, 2.4) was used as a differential
reactor. 0.1-0.15 g of the catalyst and small aluminum tips as
dilutor was packed in pyrex reaction tube of 10 mm in diameter.
The height of the catalyst bed was 15 mm. Activation of the catalyst
was performed by oxidation in air at 623 K for 12 h and reduction in
hydrogen stream at 623 K for 2 h before the reactivity test
Dehydrogenation reactivity was studied at 473 K, 0.1 MPa. Cyclohexane
which is purified by raney nickel catalyst 7) is diluted by nitrogen (dilution
ratio was 10) flowed at a rate of 7.5 ml-cyclohexane/h and the
concentrations at inlet and outlet gases of the reaction tube were determined
with GC equipped with FID (Shimazu GC-8A).

2 RESULTS AND DISCUSSION

2.1 SEM analysis of prepared catalysts

Figure 2.5 shows SEM analysis of cross section and surface of
anodized alumina layer and following hot water treatment. Alumina layer
with 10 yum was formed on the both side of aluminum layer.

After anodic oxidation, pores more than 50 nm in radius were formed.
Roughness factor ( RF=BET surface area / apparent surface area) was about
450-700 [BET-m2/m2]. After hot water treatment and calcination, the pore
radius changed to about 2 nm and BET surface area increased. Roughness
factor increased more than 10000 [BET-m2/m2]. Platinum impregnated

within the porous alumina layer and Pt/Alumina catalyst layer was formed.
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2.2 Conditions of anodic oxidation

(1) Purity of aluminum

Effects of aluminum purity on the physical properties of catalyst and
the cata]yti;: reactivity were studied. Two materials were used. One is high
purity aluminum (99.99 % in purity) and the other is commercial aluminum
(99.5 % in purity, JIS-A1050). Plate type catalysts were prepared under
the same conditions and the physical properties are shown in table 2.1.
The results of reaction test are shown in figure 2.6. The results are

shown as follows:

Table 2.1 Physical properties of catalysts prepared by using high

purity alumina and commercial alumina

Cat (a) (b)

Al purity 99.99% 99.5%(J1S A-1050)

AO condition Cr25wt%,303K,12h

HWT condition 10g-Pt/1.,353K,2h
Thickness of Al,03 20 4 m 10u m
R.F. 11500 6700
Pt contents 1.72 g/m2 1.1 g/m2
Pt dispersion 0.72 0.51
Pt area 1.24 g/m2 0.56 g/m2

1) The thickness of catalyst layer using high purity aluminum was 20 ym
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which was two times thicker than that of commercial aluminum. It has
been reported that the purity of aluminum affects the thickness of
anodized alumina layer 6). Therefore, impurity in the aluminum is

expected to prevent anodization.

2) Roughness factors of each catalyst were proportional to the thickness
of the catalyst layer in spite of the purity of aluminum. This means
the RF per unit volume is the same and the structure of the catalyst

layer is considered to be also the same.

3) Platinum content per unit RF of each catalyst is the same and it seems
that chemical properties of the catalyst prepared using commercial

aluminum are the same as that prepared using high purity aluminum.

4) Catalytic reactivity is proportional to the catalyst content and the

impurity of the catalyst seems to have no effect on the reaction.

The purnity of aluminum has an effect on the thickness of anodized
alumina layer but it has no effect on the catalyst content and the catalytic
reactivity. To utilize the plate type catalyst, it is necessary to use a cheap
material like commercial aluminum. Therefore, I used commercial
aluminum and studied preparation conditions of the plate type catalyst,

prepared by anodic oxidation and hot water treatment.

(2) Concentration of chromic acid solution

Effects of the concentration of chromic acid solution (2.5-3.5 wt%) on
the thickness of the anodized alumina layer are illustrated in figure 2.7.
Current density was 19 A/m2 and anodized time was 12 hr. It is clear that
the thickness of alumina layer is irrelevant to the reactivity. In this work,
chromic acid solution of 2.5 wt% was used, to keep cost minimal for waste

water treatment and electrolyte.
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(3) Temperature and oxidation time

Figure 2.8 shows a change in thickness of alumina layer at 12 h of
anodization, according to temperature of the electrolyte bath. The
temperature was changed between 288 K and 311 K. The thickness showed
a peak of 20 ym at 298 K.

Figure 2.9 shows the changes in thickness of the alumina film with
time of anodization at 298 K and 303 K. The thickness increased with time
at first, then kept a constant value related to the temperature. The constant
value shows that the rates of production and dissolution of the film are kept
equal at that temperature. The maximum thickness at 303 K and 293 K

were 10 and 30 ym, respectively.

(4) Dissolution of anodized alumina layer

Figure 2.10 shows changes in thickness with dissolution time. The
thickness decreased linearly with dissolution time. The dissolution rate was
calculated as about 1.58 um/h. Therefore, in the anodic oxidation,

generated alumina layer is dissolved into chromic acid.

(5) Optimum temperature for anodic oxidation

It has been observed in the preceding that equilibrium thickness of
alumina layer was decided by temperature of electrolyte bath. This
considers that equilibrium thickness was determined by the balance of
generation and dissolution rate of alumina layer. To form a thick alumina
layer efficiently, temperature at which thickness of alumina layer per unit
electricity is maximum is considered to be the optimum temperature. The
generation rate of alumina layer at 298 K-303 K was calculated as 1.5 ym/h
from figure 2.8. Figure 2.8s shows the thickness of alumina layer per 12 h.
From this figure, the generation rate at 298 K or less is calculated as 1.5
um/h or less. Therefore, optimum temperature, at which generation rate

and equilibrium thickness are large, is 298 K.
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(6) Current density

The effects of current density on the anodized alumina layer are
studied here. Under high current density, burn out of the surface of
alumina layer was observed at over 100 V. This burn out was caused by
electric discharge. Figure 2.11 shows photograph and illustration of
surface of anodized alumina layers. Number of electric discharge mark
increased with current density. Figure 2.12 shows XRD analysis of
surface of anodized alumina layer. Anodized alumina layer which was
prepared under normal conditions showed amorphous alumina which was
the same as Inoue's report 2). On the other hand, burned out alumina layer
showed y alumina peak by XRD analysis and the structure was quite
different from anodized plate which is prepared under normal conditions.
It seems reasonable to suppose that the burn out causes the change of
structure of anodized alumina layer.

Figure 2.13 shows how thickness of alumina layer changes with
current density up to 1000 A/m2. Change of BET surface area, which is
measured after hot water treatment and calcination of the anodized plate, is
shown in figure 2.14. Thickness of generated alumina layer showed a
rapid drop with the current density. Gas which was generated from anode
and cathode increased with current density. Thus, it is considered that
electric quantity supplied to the anode was consumed for electric discharge
and electrolysis of water under high current density.

Ideal catalyst support is porous and thick. Thus, anodic oxidation

should be operated at under 100 V with the optimized current density 20
A/m2. '
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2.3 Hot water treatment and platinum content

Hydration of anodized alumina layer

(1) Roughness factor of alumina layer

BET surface area is increased by hydration of anodized alumina layer
and followed by calcination. The BET surface area of the alumina plate
prepared by anodic oxidation, hot water treatment and calcination was
measured. Figure 2.15 shows roughness factor which is calculated from
BET surface area, and apparent surface area changes with thickness of

alumina layer.

(2) XMA analysis of cross section of alumina layer

Figure 2.16 shows EPMA analysis of cross section of catalyst support
layer which is prepared by anodic oxidation, hot water treatment and
calcination. The X axis shows length from the alumina/aluminum interface
and the Y axis shows intensity of X ray of each element. Intensity of
aluminum and oxygen were high at the bottom of alumina layer and
platinum was not impregnated to the bottom. It seems that the structure of
alumina layer is not uniform and the bottom of alumina layer has high

density.

Impregnation of platinum into anodized alumina layer

(3) Liquid volume for hot water treatment

Effect of liquid volume for hot water treatment on platinum content is
shown in figure 2.17. The ratio of liquid volume to surface area of plate
(e) was used, and e was changed from 1 to 10. Platinum content increased

with e and the nise brings the platinum content to a maximum at e=4.

Therefore, e>4 was used for hot water treatment.

=k

Broe

|
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(4) Concentration of platinum

Effects of concentration of platinum and time of hot water treatment
on platinum content are shown in figure 2.18. Thickness of alumina layer
was 20 um. Platinum content increased with time and the increment was
large at high concentrations of platinum. After 3 h of hot water treatment,
platinum coﬁtem showed the highest point and this was unrelated to the
concentration of platinum.

Figure 2.19 shows EPMA analysis of cross section of prepared
catalysts, catalyst (A) and (B) were prepared by 1 h and 4 h of hot water
treatment. After 1 h of hot water treatment, platinum was impregnated to
the alumina layer uniformly, but the intensity of X ray was small, since

platinum content was small.

(5) Thickness of alumina layer

Figure 2.20 shows effect of thickness of alumina layer on platinum
content. Thicknesses of alumina layer used were 10 gm, 20 ym and 30 um.
Platinum concentration was 1.0 g-PV/L and treated time was 2 h. Platinum
content increased with thickness of alumina layer and was 2.9 g-Pt/m2 at 30
pm 1n thickness.

Figure 2.21 shows EPMA analysis of cross section of prepared
catalyst of 20 um and 30 ym thickness. Platinum was impregnated into the
alumina layer uniformly. It was clear that the platinum content increased
with thickness of alumina layer. Platinum content per unit BET surface
area was about 170 ug-PUm2-BET. Platinum content per unit weight of
alumina layer was about 3 wt%. -

Assuming that platinum particles were adsorbed to alumina layer by
chemical potential (chemisorption), the number of sites which platinum
particles were adsorbed to was the same per unit volume of anodized
alumina. From this assumption, platinum content per unit surface area
could be increased by thickness and BET surface area of alumina layer.

There is room for further investigation.
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2.4 Catalytic reactivity of plate type catalyst

Prepared catalysts were evaluated by catalytic reactivity of cyclohexane
dehydrogenation for endothermic reaction of cyclohexane/ benzene/
hydrogen chemical heat pump. Figure 2.22 shows catalytic reactivity
change with time for 4 catalysts prepared. Catalyst (B) has 20 ym thickness
of alumina layer and base aluminum is high purity, 99.99%. Catalyst (A),
(C), (D) were prepared using commercial aluminum and have 10 ym, 20
pum and 30 um thickness respectively. Physical properties of prepared
catalysts are shown in table 2.1. Platinum content increased with thickness
of alumina layer and platinum dispersion was almost the same, i.e. 0.4-0.5.
The reaction rate showed dynamic steady state after 20 h of reaction. The
constant reaction rate after 20 h of reaction increased with platinum
content. The reactivity of (D) was three times as high as that of (A). The
steady state was 3.5 mol/(hem2) and it continued to 130 h of reaction. It

was clear that catalytic reactivity can be raised by preparing thick catalyst.

CONCLUSIONS

A thin-layered catalyst supported on a metal plate is one of the ideal
types of catalysts which make it possible to design a compact reactor. A
Pt/Al,03/Al plate type catalyst was prepared by anodic oxidation (AO) of a

commercial aluminum plate, followed by hot-water treatment (HWT) in
chloroplatinic acid solution. In this chapter, preparation conditions of the

plate type catalyst were investigated as follows:

(1) Effects of aluminum purity on the physical properties of catalyst and
the catalytic reactivity were studied. Purity of aluminum has an effect on
the thickness of anodized alumina layer but it has no effect on the catalyst

content and the catalytic reactivity.
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(2) The conditions for preparing an anodized layer of any thickness under
30 um were established. The thickness of the alumina film was controlled

by anodization conditions such as time and temperature of electrolyte bath.

(3) The Pt content on the catalyst surface was controlled by conditions of
HWT and increased with thickness of alumina layer up to 3.5 g-PUm2. The
amount of Pt supported per BET surface area of alumina was 170-180
pug/m2, which corresponds to 3 wt% of alumina, and the dispersion of Pt

was around 0.5, regardless of the thickness of the alumina film.

(4) Catalyst with 30 ym of alumina film showed a constant reaction rate
per apparent surface area of 3.5 mol/(h'm2) for cyclohexane
dehydrogenation at C¢H; 2/N2=1/10, 1 atm and 473 K for 130 hours. It was

clear that commercial aluminum can be used as material for plate type

catalyst.
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Figure 2.5 SEM analysis of cross section and surface of anodized
alumina layer and following hot water treatment.
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INTRODUCTION

In the following sections I shall be examining the design and the
performance of tube wall reactors. The catalytic reactivity per apparent
surface area is directly related to the reactor volume and this is one of the
important factors for reactor size (Chapter 7).

The purpose of this chapter is to improve catalytic reactivity of the plate
type catalyst. The effects of thickness and porosity of anodized alumina layer
on platinum content and the catalytic reactivity were examined. Oxalic acid
solution was used for the anodic oxidation (AO) process for two reasons 4).
Firstly, the thick alumina layer can be formed in oxalic acid solution.
Secondly, chromic acid causes serious water pollution and its usage is limited.

In AO process, an alumina layer more than 350 pm thick was formed on
aluminum plate. Porosity of the anodized alumina plate increased with the

time of pore widening and time of AO. Weight of impregnated Platinum per

unit volume increased with porosity. The maximum platinum content was
15.8 g-PUm2 and this was 5 times larger than the previous catalyst. Platinum
dispersion of each catalyst was about 0.5. The reactivity of cyclohexane
dehydrogenation increased with catalyst content. The highest reactivity after
20 h was about 12 mol/(h-m2) and 3 times as high as the previously reported
catalyst. It was clear that the reactivity achieved the target reactivity.

1 EXPERIMENTAL

1.1 Preparation of the plate type catalyst

(1) Anodic Oxidation (AO)
An aluminum plate (JIS-A1050, 99.5 % in purity, 0.3 or 1.0 mm in
thickness) was pretreated in 20 wt% NaOH solution for 3 min., and 30 wt%

e
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HNO3 solution for 3 min., then rinsed with deionized water. Both sides of
the plate were anodized in aqueous solution of 4 wt% oxalic acid, at current
density (CD) of 20-200 A/m2, at 283-303 K, by electric quantity up to 3550
A-h/m2. An alumina layer was formed on the aluminum body. The anodized
5 plate was rinsed with deionized water, dried at room temperature and
calcined in air at 623 K for 1 h. Table 3.1 shows the AO conditions of the

samples, A-N, studied in this chapter.

10 Table 3. 1  Preparation conditions of the plate type catalysts
Temp.| CD |Quantityof | PW
Sample | of AO electricity time
K] |[A/m2]| [Ah/m2] (h]
A 293 50 750
B 293 50 750 8
C 293 50 750 10
D 293 200 800 -
& 293 100 800 -
B 293 30 800 -
G 293 20 800 -
H 283 50 750 -
I 288 50 3550 -
J 293 50 800 ’
K 293 50 3400 -
L 298 50 800 .
M 298 50 1208 -
N 303 50 500 -
| k Note :  AO: Anodic Oxidation, CD : Current Density

. PW : Pore Widening
ke 15
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(2) Pore Widening (PW)
The anodized plates with 100 m alumina thickness were soaked in 4
wt% of oxalic acid solution at 293 K for 1-12 h. PW conditions are

summarized in Table 3.1 for the samples A-C.

(3) Hot Water Treatment (HWT)

In this process, platinum was impregnated in the alumina layer. The
anodized alumina plate was soaked in chloroplatinic acid solution of 1.0 g-
PUL at pH 11.4 (controlled by ammonia), at 353 K and for 1-6 h. The plate
was rinsed with deionized water, soaked in 0.3 wt% KCI solution at room
temperature for 20 min and rinsed with deionized water again. Then, the

plate was dried at room temperature and calcined in air at 623 K for 1 h.

1.2 Characterization of the catalyst

Pore size distribution of anodized alumina layer was measured with
mercury porosimetry. Thickness of alumina layer was measured with a
thickness meter (Helmut Fischer ISOSCOPE MP-2). Porosity of the alumina
layer was calculated by dividing apparent alumina density by pure alumina
density. Platinum distribution in the alumina layer was measured by X-ray
microanalyser (XMA). Quantity of platinum content was measured by
atomic absorption spectroscopy (Shimazu AA-680). Platinum dispersion was
determined by CO pulse method.

1.3 Measurement of catalytic reactivity
The catalytic reactivities of the catalysts were evaluated by cyclohexane
dehydrogenation which is used for endothermic reaction of cyclohexane/

benzene/hydrogen chemical heat pump (CBH-CHP). The chemical reaction is

expressed in equation(3.1).
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473K
CsH ;7 + 206 kJ/mole < CsHg + 3H> (3.1)

A flow type reactor was used as a differential reactor. The plate
type catalyst, 5x10 mm2 and small aluminum tips, 5x5 mm? as dilutors were
packed in pyrex reaction tube of 11 mm in inner diameter. The height of the
catalyst bed was 10-15 mm. Activation of the catalyst was performed by
oxidation in air (623 K, 12 h) and reduction in a mixture gas (Hz of 10 I/h
and N of 15 I/h) at 623 K for 2 h. In the reaction tests, cyclohexane was

diluted with nitrogen, and the dilution ratio was 10. Concentrations at the
inlet and outlet gases of the reaction tube were analyzed by FID gas
chromatography (Shimazu GC-8A). Changes in dehydrogenation reactivity
of cyclohexane with time were measured at 473 K, 0.1 MPa.

2 RESULTS AND DISCUSSION

2.1 Conditions of Anodic Oxidation

(1) Thickness of aluminum plate

Effects of thickness of aluminum plate on thickness of anodized alumina
layer were studied. Figure 3.1 shows thickness of the alumina layer
changes with time under different thickness of aluminum plates. The
concentration of oxalic acid was 4 wt%, the current density was 50 A/m2 and
the temperature was 293 K. The thickness of alumina layer on the aluminum
plates of thickness 0.3 mm raised to the peak of 100 um and on those of 1.0
mm increased more than 230 ym. The reason why the thickness of aluminum
plate affects on the thickness of anodized alumina layer is considered using a
model of heat balance of anodic oxidation as follows.

Figure 3.2 shows the illustration of heat balance of the cross section of
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an anodizing alumina/aluminum plate. The anodization occurs at the
alumina/aluminum interface. The oxidation of aluminum is an exothermic

reaction and the reaction heat (Qap) is transferred through aluminum plate

(Qar) and electrolyte oxalic acid (QgL).

Qa0 =0aL + QEL (3.2)

The two patterns of heat transfer were considered as follows:

Case (A) In the first stage of AO, generated alumina layer is thin
and the heat transfer coefficient of anodized alumina layer is large, in spite of
thermal conductivity 10 times smaller than that of aluminum. In this
situation, temperature difference (AT) between alumina/aluminum interface
and the surface of alumina layer is small.

Case (B) The anodized alumina layer becomes thick and aluminum
plate is becoming thinner by anodization, the heat transfer coefficient of
anodized alumina layer is small and AT between alumina/aluminum interface

and alumina surface tends to be large. Then the reaction heat Q40 is mainly

removed through the aluminum plate and the temperature of aluminum also

rises due to large heat flux Qas. Therefore, temperature of alumina/

aluminum interface is rising higher than in the first stage of AO, case (A) and
the dissolution of alumina layer is accelerated. For the reasons mentioned
abovz, thickness of aluminum is one of the important factors in forming a

thick alumina layer.

(2) Concentration of oxalic acid-solution

The optimum concentration of oxalic acid solution was studied. Table
3.2 shows solubility of oxalic acid in water. Figure 3.3 shows effects of
concentration of oxalic acid (1-8 wt%) on the thickness of anodized alumina
layer under 50 A/m2 of current density, at 293 K. The result of the
examination is that the mean thickness is almost the same in spite of the

concentration of oxalic acid. The purpose of the anodic oxidation is to form
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a thick and porous alumina layer on aluminum plate, uniformly. With the
concentration of 1, 2 wt%, the thickness was not uniform. The thickness on
upper part of the plate was thick, which does not suit catalyst support. In the
case of 8 wt% of concentration, lot of oxalic acid was consumed for AO,
which causes high cost. Therefore, we took the optimum concentration as 4

wt%.

Table 3. 2  Solubility of oxalic acid in water*

Temperature [K] Solubility [g/100g-water]
273 342
293 8.69
313 17.71
333 30.71

* Kagaku bin-ran kiso-hen 11-188

(3) Generation rate of anodized alumina layer

Anodized alumina layer was dissolved into acid as described later.
Initial generation rate of the anodized alumina layer was not affected by the
dissolution into electrolyte, since the effect of dissolution increases with AO
time. And the real generation rate of the alumina layer could be equal to the
initial generation rate. Figure 3.4 shows effects of anodized temperature
and current density (CD) on initial generation rate of alumina layer. Though
the rate did not relate to anodized temperature, it increased linearly with CD.

The mechanism of AO process is being continued steadily by many
researchers and we do not discuss the mechanism in detail here. Shimura et
al. 5) have proposed a model. With this model, the amount of anodized
alumina was limited to the concentration of aluminum ion which is related to

CD. Therefore, the real generation rate would be related to CD.
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(4) Dissolution and porosity of the alumina layer

Effect of dissolution of alumina layer on porosity and pore size
distribution of the alumina layer is studied in this section. Figure 3.5 shows
changes in thickness and porosity with pore widening (PW) time. The
thickness decreased linearly and the porosity increased linearly with the PW
time. Figure 3.6 shows pore side distribution of the alumina layer. Peak
pore radius of alumina layer increased from 32 nm to 38 nm with 12 h of
PW. Therefore, it shows that alumina dissolves from both inside and outside
surfaces of anodized alumina layer.

Two theories about the dissolution of alumina layer have been proposed.
One is the pore shortening theory and the other is the pore widening theory.
Diggle et. al. 1) advanced the pore shortening theory that only the surface of
alumina layer is dissolved into acid solution. Nagayama et. al. propounded
the pore widening theory that alumina layer is dissolved into acid solution
from inside the alumina layer. Recently, it has been established that the
alumina layer is dissolved from inside the anodized alumina layer and these
results support a similar view.

This dissolution rate is closely related to temperature, and thickness of

alumina layer shows a different peak according to the anodizing temperature.

(5) Effect of current density on the porosity

Figure 3.7 shows the effect of current density on the porosity of
alumina layer at the initial stage of anodization (up to 4h of anodization).
The result of the experiment was that the porosity of alumina layer declined
with the current density. The decrease of number of pores on the alumina
layer was observed using SEM analysis and it is likely that the porosity
declined with the reduction of number of pores. Figure 3.8 shows the
relationship between current density and voltage of anodization. The voltage
increased with the current density. Ebihara et. al. 2) reported that pore
radius and number has been affected by voltage of anodization, and further

consideration is required as to whether current or voltage affects the number
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and the radius of pores on alumina layer.

(6) Effect of current density on the thickness and roughness factor

Figure 3.9 shows changes in thickness with time of anodic oxidation
for each current density (CD), 20-200 A/m2, under 293 K constant.
Thickness of the alumina layer showed a maximum at more than 20 h at low
CD: the maximum thickness was limited to 30 ym at 20 A/m2 and limited to
66 um at 30 A/m2. The thickness increased with CD. This was because the
generation rate changed with the CD in spite of the fact that the dissolution
rate was constant.

Figure 3.10 shows that the roughness factor (RF), thickness and
porosity change with the current density under 800 Ah/m2 of electric
quantity at 298 K. The RF was measured after hot water treatment and
calcination of anodized alumina layer. The RF showed the highest point of
30000 at 50 A/m2 of CD. As we saw before, the thickness and the porosity
were closely related to the current density. The thickness showed a peak at
100 pm over 100 A/m2 of CD and the porosity decreased with the CD from
0.4 t0 0.25. The roughness factor means the ratio of apparent surface area to
inside surface area (BET surface area), thus, it is proportional to the BET
surface area. High surface area is usually described for high reactivity per
unit volume so catalyst should be porous. Therefore the RF is one of the
important factors for estimating the. catalyst support and 50 A/m2 of current
density is suitable for the catalyst.

(7) Long period of anodic oxidation under constant current density

Figure 3.11 shows changes in alumina thickness with 0-3550 A-h/m2
of electric quantity, at 283-303 K under 50 A/m2 constant. Equilibrium
thickness increased with a fall in the anodized temperature. This was because
dissolution rate decreased with a fall in the anodized temperature in spite of
the fact that generation rate was constant. Maximum thickness of alumina

layer was more than 350 um at 283 K, 3550 Ah/m2. From the data of J-M in
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Table 2, it was also shown that the porosity of anodized alumina layer

increased with AO time by dissolution.

(8) Long period of anodic oxidation under constant voltage
In this section, long period of anodic oxidation was tried under constant

voltage, 40 V. Figure 3.12 shows the thickness and porosity change with

quantity of electricity under constant voltage 40 V. The alumina thickness
increased with time and showed a peak of 110 wm at 20 h, after that it
decreased with time. The porosity of the alumina layer was almost constant
till 20 h of anodization and it increased linearly after 20 h. Current density
decreased with the anodizing time while the thickness increased, and after the
peak, the current density was the same. The reason for this is not hard to see:

1) Alumina is an insulator but anodized alumina layer has a porous
structure and electrical conductivity. The resistance increased with the
thickness of alumina layer. Current density was determined by the
electrical resistance of the alumina layer under 40 V constant, thus, the
current density decreased with the thickness of alumina layer.

2) Generation rate of anodized alumina layer is proportional to current
density. Thus, the generation rate is controlled with anodic oxidation
time up to 20 h.

3) Dissolution rate of alumina layer into electrolyte is determined by the
temperature of electrolyte. And equilibrium thickness of anodized
alumina layer is decided by the balance of generation and dissolution
rate of alumina layer. Therefore, after 20 h of AO, the thickness of
alumina layer is decreased by the dissolution and the porosity is

increased by it.

2.2 Conditions of hot water treatment

(1) Hydration of the anodized alumina layer
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Inoue 3) studied the phenomena of hydration of the anodized alumina
layer which is prepared using chromic acid and is 10-20 ym in thickness, as
follows:

1) It takes 6 h at 313 K, 1h at 333 K and 0.5 h at 353 K to hydrate the
alumina layer.
2) The alumina layer could be hydrated in the range of pH3-pH11.

In this portion of the study, anodized alumina layer prepared using
oxalic acid was used for hydration. Thickness of alumina layer was about
100 ym. Figure 3.13 shows the weight of hydrated water changes with
time of hot water treatment under the ratio of volume of hot water and
treated plate, e>4, at 353 K and under pH11.4. A change of weight was not
observed after 1h of hot water treatment and it was clear that the alumina

layer hydrated in a short time.

(2) Hot water treatment time and Platinum content

Platinum is impregnated into the anodized alumina layer by hot water
treatment (HWT). Figure 3.14 shows the changes of weight of impregnated
platinum into the alumina layer with HWT time. Thickness of alumina layer
was about 100 ym, concentration of chloroplatinic acid solution was 1g-PUL
and temperature was 353 K. The platinum content rose to a peak at 6 h of
HWT. The time of 6h was longer than that of the alumina layer prepared by
AO in chromic acid solution. In chapter 2, it was clear that the alumina is
hydrated in a short time but impregnation of platinum within the alumina
layer takes a long time. Impregnated platinum is distributed in all over the
alumina layer of 30 um and the platinum content was about 170 Ug/BET-m2.
It is thought that the thickness using oxalic acid solution was more than 3

times that using chromic acid solution, and it took a long time for Pt

impregnation.

(3) Effect of pore widening on platinum content

Figure 3.15 shows platinum content change with pore widening (PW)
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time. The platinum content per unit volume increased with the PW time but
thickness of alumina layer decreased with PW time. Thus, platinum content
per apparent surface area showed a peak at 3 h of PW time. Further

discussion of these phenomena will be presented later.

(4) Platinum content within anodized alumina layer
Figure 3.16 shows changes of platinum content per apparent surface
area with electric quantity of anodization under 40V constant. Platinum

content per unit volume was 0.04 g-Pt/cm3-Al,03 constant till 800 Ah/m2 of

anodization. The value increased with further anodization, it seems that this
1s caused by the increase of porosity. Platinum content per apparent surface
area showed a peak at 1050 Ah/m2 of anodization. The porosity and the
thickness of alumina layer are important factors for platinum content per

apparent surface area and the details are studied as following.

(5) Porosity of alumina layer and platinum content

Figure 3.17 shows changes in platinum content per unit volume with
porosity of anodized alumina layer. The platinum content per unit volume
increased with the porosity up to 9 wt%. Figure 3.18 shows XMA analysis
of the cross section of the plate type catalysts, samples M and J. X-axis shows
depth of alumina layer. Impregnated platinum of the high porosity anodized
alumina, sample M, is distributed further in depth.

Koda et. al. 6) have clarified the mechanism of hydration of anodized
thin alumina layer. When anodized alumina is soaked into hot water, the
alumina is hydrated and the volume is increased. Then, the pores of alumina
layer are filled with the hydrated alumina in a short time. In cﬁapter 2, it has
been shown that the alumina is hydrated in a short time but impregnation of
platinum within the alumina layer takes a long time.

These results indicate that much more anodized alumina of high porosity
would be hydrated and platinum could be impregnated deeply, since it would

take much more time for hydrated alumina to block the pores. Illustration of
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this mechanism is shown in figure 3.19. On the other hand, if the alumina
layer is dissolved further by extended pore widening, the porosity is large but
the thickness of alumina layer decreases to hold less platinum. The point
which we especially emphasize is that balance of the thickness and the
porosity is the important factor in designing plate type catalyst.

Table 3.2 shows that platinum content per apparent surface area of
sample I was the largest. The platinum content was 15.8 g-Pt/m2 which was
5 times larger than that using chromic acid. Platinum dispersion of every
catalyst was about 0.5. The mean of platinum content per BET area was
about 160 ug/BET-m2 which was almost the same as that using chromic acid.

2.3 Catalytic reactivity

(1) Electrolyte and reactivity

Inoue reported that chromium was impregnated into catalyst layer by
anodic oxidation of chromic acid solution. Thus, it is considered that some
kind of electrolyte affects the catalytic reactivity. Turn over frequency
(TOF) of catalysts prepared using chromic acid and oxalic acid are compared
in figure 3.20 and table 3.3. TOF means generation rate of molecular
benzene per catalyst site and per unit time. Both TOF are almbst the same

and the reactivity of cyclohexane dehydrogenation was not affected by this
kind of electrolyte.

(2) Catalytic reactivity of plate type catalyst

Figure 3.21 shows changes in cyclohexane dehydrogenation reactivity
of samples B, M, K, I and reported catalyst with reaction time. Each catalyst
showed highest reactivity at initial reaction time and the reactivity decreased
with time and showed a steady state after 20 h of reaction time. The steady

reactivity increased with catalyst content and the reactivity of sample K was
about 3 times as high as the catalyst reported in chapter 2. The highest
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reactivity reached the target reactivity, which is discussed in chapter 7.

Table3. 3 Physical properties of plate type catalysts

Thickness | Poro-| Pt Pt Pt
Sample | of alumina | sity [content |content |dispersion

layer [pm] | [] [ [Wt%] | [¢/m2] [l
A 89 0.55 4.5 4.74 0.56
B 74 0.63 6.6 4.55 0.56
C 70 0.71 6.3 3.86 0.57
D 100 0.29 24 3.0 0.45
E 100 0.37 3.0 3.8 0.47
F 66 0.58 31 339 0.50
G .7 0.70 TS 2.89 0.53
H 98 0.49 2.1 2.67 0.48
I 327 059 | 398 | 1584 0.47
J 100 049 | 296 | 4.12 0.42
K 270 0.62 | 395 | 1341 0.59
L 79 048 | 327 | 3.88 0.51
M 86 0.70 | 923 | 11.01 0.48
N 29 052 | 412 | 299 0.49
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CONCLUSIONS

This chapter covers preparation method by using oxalic acid for anodic

oxidation, and the following conclusions are drawn from the present

investigation.

(1)

(2)

3)

In AO process, alumina layer more than 350 ym thick was prepared.
Porosity of the alumina layer was increased by pore widening (PW) and
more than 0.79 in porosity was formed. Thickness and porosity of
anodized alumina layer were determined by balance of generation rate

and dissolution rate.

Impregnated platinum content per apparent surface area increased with
thickness and porosity of the anodized alumina layer. The maximum
content was 15.8 g-PUm2. Platinum dispersion of each catalyst was
about 0.5.

Reactivity of cyclohexane dehydrogenation increased with platinum

content. The highest reactivity was about 3 times as high as the previous

catalyst. The reactivity reached the target reactivity.
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EFFECTIVENESS FACTOR OF
THE PLATE TYPE CATALYST

INTRODUCTION

During the cyclohexane dehydrogenation, the reactant must diffuse first
from the fluid to the outside surface of the catalyst and then through minute
and irregularly shaped pores to the interior. Chemical potential decreases in
the direction of diffusion through the porous structure, so the catalyst surface
in the interior is in contact with a fluid of lower reactant concentration and
higher product concentration than the external fluid. Thus, the internal
surface is not as effective as it would be if it were all exposed to contact with
the external fluid. The degree of diffusion limitation is characterized by the
effectiveness factor 7, defined as the ratio of the observed rate of reaction to
that which would occur in the absence of diffusion effects within the pores of
the catalyst.

Though the effectiveness factor has been one of the important factors to
design conventional pellet type catalysts, the optimization of a plate type
catalyst has never been studied. In this chapter, the effectiveness factor of the
plate type catalyst was investigated. The following items have been studied.

(1) Analysis of the structure of the catalyst layer

(2) Experimental determination of the effectiveness factor

(3) Design of the catalyst to improve the reactivity

1 THEORETICAL MODEL OF EFFECTIVENESS
FACTOR OF PLATE TYPE CATALYST

1.1 Effectiveness factor of plate type catalyst
A mathematical model of effectiveness factor is described in the
following. The change of the concentration of cyclohexane (Cc) with time (7)

at the depth (/) from catalyst surface can be given as follows:
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=Ty (4.1)

Temperature gradients in the catalyst layer have been calculated within 0.1 K
5). Therefore, the temperature in the catalyst layer was assumed to be

isothermal. The reaction rate of the cyclohexane dehydrogenation (rv) is

proportional to concentration of cyclohexane 5), then we have:

ry=k L, (4.2)

In the steady state, the cyclohexane concentration is constant with time,
and the left-hand of Eq.(4.1) is zero. The combination of Eq.(4.1) and
Eq.(4.2) gives the differential equation:

3’C,
D[ YL ]:k-CC 43)
with the boundary conditions:
bl Gy (44)
dC
I=L: dLC =0 (4.5)

here, L is thickness of PUAI,O3 catalyst layer. the solution to Eq.(4.3) is:

C. cosh¢(1-1/L)
C. cosh¢ (4.6)

C
... D (4‘ )

where ¢ is the Thiele number. The concentration gradient of reactant in the

10

15

CHAPTER 4 EFFECTIVENESS FACTOR OF
THE PLATE TYPE CATALYST

catalyst increases with the value of ¢, and the effectiveness factor 7

approaches zero.

If the thickness of the catalyst layer is very thin, all catalyst particles are
exposed to contact with the external fluid and used for reaction, regardless of
the effective diffusion coefficient. Then, this catalyst shows the maximum
reaction rate rgmay . The maximum reaction rate per catalyst surface area can
be given as:

oy I (4.8

Under steady state conditions, the observed reaction rate per catalyst

surface area is equal to diffusion rate at catalyst surface:

3C,
31

A)

r=-D-[

Fa (4.9)

using Eq.(4.6), the solution is:

Sy s I ,_k_.
ri=D-C, D tanh¢ 16

The effectiveness factor (7) of the plate type catalyst can be expressed by
dividing Eq.(4.10) by Eq.(4.8):

_ I's _tanh¢
{58 i ¢ (4.11)

smax

1.2 Calculation of effectiveness factor from experimental results
The observed reaction rate by experiment includes the diffusion effects

and it is expressed as 7 *k . The Weisz number, which is one of the

dimensionless numbers, was used to calculate the effectiveness factor from
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the experimental result 8).

The Weisz number is expressed in the following equations:

W= =L {E| -n=(n-0 L
s e D (R D 4.12)

W, =@ n=>- tanh® kgnle)

We can calculate the Weisz number from experimental result by using
Eq.(4.12) and¢ can be calculated using Eq.(4.13), then, the effectiveness
factors are determined by Eq.(4.11).

2 EXPERIMENTAL

2.1 Preparation of the plate type catalyst

The catalyst support was prepared by anodic oxidation. The platinum
catalyst particles are impregnated within the alumina layer by hot water
treatment 4)9). The preparation conditions of the catalyst have been reported
in chapter 3. Alumina layers up to 320 um in thickness have been used in
this study.

2.2 Characterization of the catalyst

The pore size distribution of the catalyst layer was calculated from
nitrogen adsorption data by the Dollimore method 1). The thickness of the
PUAI2O3 catalyst layer was measured by X-ray microanalyser (XMA). The
platinum content of the catalyst layer was measured by atomic absorption
spectroscopy (Shimazu AA-680). The platinum dispersion in the catalyst

layer was evaluated by CO pulse method 6). The physical properties of the
plate type catalysts are shown in Table 4.1.

CHAPTER 4 EFFECTIVENESS FACTOR OF
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Table 4.1 Physical properties of prepared catalysts

Thickness of Pt contents | Pt dispersion
Sample jcatalyst layer [wm] [g/m2] | [wi%] [-]
A 9 e - 0.51
B 15 1.9 - 0.44
C 27 2.9 12 0.47
D 50 5.7 8.9 0.53
E 80 11.1 10.2 0.48
F 175 1341 | 7.9 0.59
G 195 1584 | 8.0 0.47

2.3 Measurement of catalytic reactivity

Cyclohexane dehydrogenation was used as the test reaction to estimate
the effectiveness factor of the plate type catalyst 3). The reaction conditions
are already reported in a former study 9). Cyclohexane was diluted with
nitrogen at a ratio of 1:10. Concentrations at the inlet and outlet gas of the
reaction tube were analyzed by FID gas chromatography (Shimazu GC-8A).
Under stable conditions, changes in the dehydrogenation reactivity of

cyclohexane with the catalyst thickness were measured at 473 K, 0.1 MPa 4).

3 RESULTS AND DISCUSSION

3.1 Effective diffusion coefficient of the plate type catalyst
To calculate the effectiveness factor of the plate type catalyst, first it was
necessary to estimate the effective diffusion coefficient. The effective

diffusion coefficient (D) is given by the peak pore radius and the porosity of

the catalyst layer.
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factor T is independent of pore size, diffusion mode and diffusion species, a
(1) Pore size distribution of the plate type catalyst factor of 2 to 4 is predicted in many cases 7). And for diffusion through a
Measurement of the amount of adsorbed gas as a function of the relative randomly oriented system of cylindrical pores T=3. Thus, in this study, the
pressure is used for determining the pore size distribution. Figure 4.1 tortuosity factor was assumed to be 3. The porosity of the catalyst varied
5 shows the calculated pore size distribution of a plate type catalyst. This 5 from 0.4 to 0.6 (Chapter 3). In this study, the porosity was assumed to be
catalyst had a narrow pore size distribution. The peak pore radius was about 0.5. The effective diffusion coefficient was mathematically expressed as
2 nm. This was unrelated to the preparation conditions. follows:
(2) Diffusion coefficient in the pores £ 8 2
" W o : oS , D=—-D,=7.67-10°m"/s
ore diffusion may occur either by bulk or Knudsen diffusion. In this 10 ;S (4.16)
study, cyclohexane was assumed to be diffused into the pores mainly by g=0:5 =3
Knudsen diffusion, because the partial pressure of cyclohexane was low (9
kPa) and the pores were quite small (2 nm in radius) 7). Therefore, the
diffusion coefficient into the pores (Dy) is given by: 3.2 Changes in reaction rate with thickness of catalyst layer
15 15
(1) Thickness of catalyst layer
D, =3.067 r,- I% =4.60x 107 m?!/s Figure 4.2 shows the XMA analysis of the cross section of the plate
(4.14) type catalysts, samples C, E and F. The X-axis shows the depth of the
e T ~ -10
* - T=473K, M=0.084kg | mol, r,=20x 10"°m alumina layer from the surface and the Y-axis shows the intensity of the X
, 20 rays of each element. The area in which both platinum and aluminum show a
(3) Effective diffusion coefficient : i '
! i w peak is PUA,O; catalyst layer. The thickness could be measured from this
The effective diffusion coefficient of the catalyst layer was estimated by
' XMA pattern and table 4.1 shows the thickness of catalysts prepared. In
the parallel path model 2). The model assumes the pore structure as
o — each catalyst, X-ray intensity of platinum from the surface to bottom of the
comprising an array of parallel cylindrical pores having the same pore size i I '
05 o i , - catalyst layer was almost the same, thus the platinum was dispersing
distribution. The effective diffusion coefficient is calculated by using the 25
dhses o8 - . uniformly within the alumina support layer.
diffusion coefficient into pores, the porosity of catalyst layer ¢, and the n y withi upport lay
tortuosity factor T. The tortuosity factor is expressed as follows:
(2) Platinum content per alumina weight
(Le/L)? The platinum content per alumina weight was calculated from the
. FELE
- ) (4.15) thickness of the PUAl,O;3 catalyst layer, the density of the alumina layer and
- the platinum content of the catalyst. Table 4.1 shows these results. The

where Le is length of the tortuous diffusion path. Though the tortuosity

platinum content of each catalyst was about 7-10 wt%.
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(3) Catalytic reactivity with thickness of catalyst layer Figure 4.4 shows the effectiveness factor of the plate type catalyst
Figure 4.3 shows the relationship between thickness of PUAI2O3 which is calculated using eq.(4.11). The ratio and effectiveness factor
catalyst layer and reaction rate of cyclohexane dehydrogenation in steady decreased to 0.3 and 0.7 respectively at 80 ym thickness. Figure 4.5 shows
5 state. Up to 80 um, the reaction rate was proportional to the thickness. 5 the variation of the cyclohexane concentration with the depth of the catalyst
There is a slight increase of the reaction rate to 150 ym and then no further layer. The diffusion of cyclohexane into the catalyst layer was a serious
improvement was observed, even at a thickness of 150 ym. problem at thicker catalyst layers.
3.3 Effectiveness factor of the plate type catalyst 3.4 Improvement of the catalytic reactivity
10 The Weisz number of each catalyst was calculated from the experimental 10 The observed reaction rate can be calculated using eq.(4.10). The
results using eq.(4.12). And then, Thiele number, ¢ was calculated using observed reaction rate increases with the thickness of catalyst layer but it
eq.(4.13). The reaction rate constant, k was also calculated using eq.(4.7). reaches the highest point, since the effectiveness factor decreases with the
Table 4.2 shows k', Ws, ¢, k and n of each catalyst. The mean value of k thickness. The highest reaction rate can be expressed as follows:
was about 18 s-1 and unrelated to the thickness of the catalyst layer. This
15 seems to be natural because the Pt content and dispersion of each catalyst 15 L-o, K ifs c > ,‘/b_xk_ (4.17)
were 7-10 wt% and 0.4-0.6.
The highest reaction rate is determined by the effective diffusion coefficient
and the reaction rate constant. Therefore, the reactivity can be improved by
Table 4.2  The k, k', Ws, ¢ and 7 of each prepared catalyst increments of the two parameters.
20 20
k(=7 k) Ws ¢ k n (1) Reaction rate constant and reactivity
SaH [1/s] -] [-] [1/s] [-] Figure 4.6 shows the reaction rate changes with the catalyst thickness
A 16.15 0.05 0.23 16.5 0.98 for different rate constants. The effective diffusion coefficient was assumed
B 12.80 0.06 0.24 14.2 0.90 to be the same as experimental results. The reaction rate improves with the
C 1277 0.13 0.36 14.8 0.86 25 reaction rate constant but the thickness in which the highest reaction rate
D 12.59 0.69 0.94 16.1 0.78 showed is small. Therefore, there is no need to prepare a thick catalyst layer
B 14.40 1.05 1.24 212 0.68 when the reaction rate constant is high. To improve the reaction rate
F 7.78 3.04 3.05 23.6 033 constant, the following should be done in future catalyst preparation:
5 e 255 | 259 | 197 | 030 1) Augmentation of Pt contents and dispersion
30 2) Research of another catalyst species which shows high reactivity
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(2) Effective diffusion coefficient and reactivity
The small pore causes a diffusive resistance and this affects the easy CONCLUSIONS
access of reactants to catalyst sites and removal of products.
Figure 4.7 shows the reaction rate changes with the thickness assuming In this study, the effectiveness factor of the plate type catalyst was
5 different effective diffusion coefficients. The reaction rate constant k was ! studied theoretically and experimentally. The following conclusions are
taken from the experimental results. The reaction rate improves with the drawn from the present investigation.
effective diffusion coefficient which could be increased by expansion of the
peak pore radius. However, by this method, BET surface area would be (1) The PUALO3/Al plate type catalyst prepared by anodic oxidation and
decreased and this causes low reaction rate constant due to low Pt content, hot water treatment had a porous structure with a narrow pore size
10 d fi / I 1 Bahiienss . :
and finally, the highest reaction rate would be decreased. Therefore, the b distribution. Most of the pores were about 2 nm in radius.
pore structure of the catalyst must be changed to improve the diffusion
RPN SRR e rcHORI RIS contatanbliEh: (2) Though reaction rate of cyclohexane dehydrogenation was proportional
A bimodal pore size distribution is one solution. The large pores are to the catalyst thickness up to 80 um, it reached the highest point. In
used for diffusion of reactant and small pores are used for reaction. If the thick catalyst of 195 ym, the effectiveness factor was decreased to 0.3
15 reaction rate constant per unit volume would be kept the same by the small 5
, the fi i n i : . e
pores, the final reaction rate could be large, as shown in figure 4.7. In the (3) The highest reaction rate was decided by the effective diffusion
future, further experiments will be carried out to prepare a catalyst with a coefficient and the reaction rate constant
bimodal pore structure. Figure 4.8 shows pore size distributions of the
anodized alumina layer and the prepared catalyst. Anodized alumina layer (4) Reaction rate constant could be improved by increasing the Pt content
20 has a narrow distributi 'l ius i ' i . . : :
pore distribution with 50 nm radius in spite of the pore size 20 per alumina weight and the dispersion of impregnated platinum.

distribution of the catalyst being 2 nm radius. Therefore, it is possible to
prepare a catalyst with bimodal pore structure which has pore peaks at 50 nm

and 2 nm radius by optimizing the conditions of hot water treatment.

(5) A large effective diffusion coefficient would improve the reaction rate

in thick catalyst layers. A bimodal pore structure is one solution to keep

reaction rate constant high with a large effective diffusion coefficient.
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Cc :  Concentration of cyclohexane [mol/m3] 1) Dollimore, D., G. R. Heal : J. Appl. Chem.,14, 3, p.109, 1964
S I5) e Effective diffusion coefficient [m2/s] 5 2) Johnson, M. F. L. and W. E. Stewart: J of Catal., 4, p.248(1965)

Dy Diffusion coefficient into pore [m2/s] 3) Kameyama, H., M. Yamashita, K. Yamamoto and T. Kabe: Proc. World
k Reaction rate constant [1/5] Congress III of Chemical Engineering, Tokyo, p.649(1986)
e Depth of the catalyst [um] 4) Murata K., K. Yamamoto and H. Kameyama: Kagaku Kogaku
L :  Length of catalyst layer [um] Ronbunshu, 19, 1, p.41(1993)

10 Le: : Length of the tortuous diffusion path [um] 0 5) Murata, K., K. Yamamoto and H. Kameyama: Kagaku Kogaku
M :  Mole weight of cyclohexane [Kg/mol] Ronbunshu, 19, 5, p.849(1993)
rs :  Reaction rate of cyclohexane dehydrogenation 6) Sanshou Shokubai linkai, (ed): Shokubai, 31, 317 (1989)

per apparent surface area [mol/(h-m2)] 7) Satterfield, C. N. "Heterogeneous Catalysis in Industrial Practice" ,

ryv :  Reaction rate of cyclohexane dehydrogenation M TUR L)

15 per catalyst volume [(mol/(h'm3)] 5 8) Weisz, P. B.: Z. Phys. Chem. Neue. Folge, 11, 1(1957)
re Average pore radius of catalyst layer e 9) Yamaseki, K., S. Nakayashu, K. Yamamoto and H.Kameyama: Kagaku

. Kogaku Ronbunshu, 17, 267(1991)

t : time [sec], [h]
T :  Reaction temperature K]
Ws : Weisz number [l b

20 £ Porosity of catalyst layer []
n Effectiveness factor of catalyst []
¢ Thiele number []
T Tortuosity factor []

25 Superscript
. Initial
Subscript

max - Maximum
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CHAPTER § DEACTIVATION AND DURABILITY OF
THE PLATE TYPE CATALYST

INTRODUCTION

In this chapter, durability and lifetime of plate type catalysts in

dehydrogenation of cyclohexane were studied. In industrial processes,

pressure of hydrogen is high to control carbon deposit and deactivation of
catalyst but the pressure causes low conversion of dehydrogenation. In the
case of chemical heat pumps, the dehydrogenation conversion influences total
system performance, thermal efficiency and coefficient of performance.
Therefore, deactivation of catalyst is a problem.

A catalyst loses its reactivity for various reasons :

Poisoning

Fouling

Reduction of active area by sintering or migration

Loss of active species

A catalyst poison is an impurity present in the feed stream that reduces
catalyst reactivity. The poison in the case of plate type catalyst for
cyclohexane dehydrogenation has been reported as sulfur compounds in the

- feed. This poisoning can be controlled by purification of cyclohexane using
Raney nickel 6).

Carbonaceous deposits (coke) is a kind of fouling. The reactivity of
fresh catalyst drops rapidly during the first few hours of reaction time and
then more slowly thereafter. It has been reported that the coking occurs on
the plate type catalyst when using purified cyclohexane 8).

Figure 5.1 shows typical change of reactivity of plate type catalyst on
cyclohexane dehydrogenation. Thickness of catalyst layer was 20 pm. This
change is almost same as typical change of catalytic reactivity 2). The
reactivity can be classified into three areas as classifications of conventional

catalyst, as follows:
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[A] The reaction when that the reactivity of fresh catalyst drops rapidly in a
few hours of reaction.
[B] The reaction time when the reactivity drops slowly. Figure 5.2 shows distributions of cyclohexane concentration ratio
[C] The reaction time when the reactivity drops rapidly after the slow through the depth, which is calculated using eq.(5.2). The reaction rate on
5 deactivation . 5 the surface is the highest regardless of coefficient of diffusion and reaction
rate constant. Generally, as the volume of carbonaceous deposits increases
For industrial purposes, reaction rate during [B] has been used, since the with volume of generated product, coking may mainly occur on the catalyst
reactivity is almost steady. Therefore, the time when the catalyst shows surface as per figure 5.3. Therefore, I have varied two of the important
steady reactivity is important. In this chapter, the deactivation of the plate parameters, reaction rate constant and coefficient of diffusion, and discussed
10 type catalyst was studied experimentally and theoretically and models of 0 the catalyst deactivation.
deactivation were proposed.
2 EXPERIMENTAL
15 1 MODEL OF DEACTIVATION AND 5
CATALYTIC REACTIVITY 2.1 Preparation of the plate type catalyst
A model of deactivation was proposed, using the model of effectiveness Alumina catalyst support layer was formed by anodic oxidation of
factor of plate type catalyst. The reaction rate rg which is observed by commercial aluminum. Platinum particles as catalyst were impregnated by
experiment was expressed as Eq.(5.1) 6). Here, D is the effective diffusion hot water treatment. After the hot water treatment, potassium was
20 coefficient into the pores, the concentration of cyclohexane on the catalyst ' impregnated and the effect of potassium on the reaction rate change was
SubtabE e 0 o T i desiotion rass - ContiL: & 35 THISIE hiber dnd i's discussed. The detailed preparation conditions were shown in chapters 2 and
thickness of alumina layer. The ratio of concentration of cyclohexane at a %
depth ! to that on the surface is expressed as Eq.(5.2). Physical properties of prepared catalyst were as follows. The thickness
of PUALLO;3 catalyst was up to 150 um, the porosity was 0.5, mean pore
25 X S radius in the catalyst layer was 2 nm, platinum dispersion was 0.5 and the
ry=D-C,- ]/3 tanh¢ G impregnated platinum particles were distributed uniformly in the alumina
. catalyst support layer.
D
2.2 Characterization of prepared catalyst
30 : S e 5
30 Cc _coshg(1-1/L) The pore size distribution of the catalyst layer was calculated from
C:' " coshg (52) nitrogen adsorption data by the Dollimore method 1). The thickness of the
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PUAI,O;5 catalyst layer was measured by X-ray microanalyser (XMA). The
platinum content of the catalyst layer was measured by atomic absorption
spectroscopy (Shimazu AA-680). The number of catalyst sites was measured
by CO pulse method.

2.3 Measurement of catalytic reactivity

The catalytic reactivities of the catalysts were evaluated by cyclohexane
dehydrogenation, which is used for endothermic reaction of cyclohexane/
benzene/hydrogen chemical heat pump (CBH-CHP) 4)5). The chemical

reaction is expressed in equation (5.3).

473K
CsHjo + 206 kJ/mole < CsHg + 3H2  (53)

A flow type reactor was used as a differential reactor 7). The plate type
catalyst, 5x10 mm2 and small aluminum tips, 5x5 mm2. as dilutors, were
packed in pyrex reaction tube of 11 mm inner diameter. The height of the
catalyst bed was 10-15 mm. Activation of the catalyst was performed by
oxidation in air (623 K, 12 h) and reduction in a mixture gas (Hz of 10 L/h
and Nz of 15 L/h) at 623 K for 2 h. In the reaction tests, cyclohexane was
diluted with nitrogen, and the dilution ratio was 1:10. Concentrations at the
inlet and outlet gases of the reaction tube were analyzed by FID gas
chromatography (Shimazu GC-8A). Changes in dehydrogenation reactivity

of cyclohexane with time were measured at 473 K and 0.1 MPa total

pressure.

Deactivated catalyst was reactivated by oxidation by air at 623 K, 12 h
and 2 L/h of air and followed by hydrogen reduction at 623 K, 2 h and 25
L/h (diluted by nitrogen, the concentration of hydrogen was 60 mol%).

Catalytic reactivity of the tube wall type reactor was measured using the

same flow type reactor as an integral reactor. Tube type catalyst was inserted
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into the reaction tube. The length of tube wall reactor was 8.5 cm. Changes

of conversion of cyclohexane dehydrogenation with time were measured.

3 RESULTS AND DISCUSSION

3.1 Analysis of deactivated catalysts

(1) The CO adsorption to the catalyst and reactivity

The quantity of CO adsorbed to the catalysts, which show several
different reactivities with time, as per figure 5.1, were analyzed. The
absolute quantities of the following samples were measured by the CO pulse

method; Al,O5 catalyst support layer, fresh catalysts with different thickness,

catalyst showing steady state, deactivated catalyst and refresh catalyst.

Before measuring the quantity of CO adsorption to the catalyst, standard
pretreatment of air oxidation and hydrogen reduction is conducted to clean
the catalyst. In steady state of catalytic reactivity, reactants such as
cyclohexane, benzene and hydrogen are adsorbed on the platinum and the
remaining exposed platinum is used for the reaction. Therefore, in another
sample, no pretreatment to remove the adsorbed reactants was conducted.
Figure 5.4 shows relationship between the quantity of adsorbed CO and
catalytic reactivity.

1) Alumina catalyst support showed no reactivity and adsorbed quantity
was also zero. The reactivity of fresh catalysts increased linearly with
the amount of CO adsorbed.

2) Quantity of CO adsorbed to used catalysts before pretreatment (no
pretreatment) matched well with the plot of fresh catalyst, and the
quantity of CO adsorption shows catalytic reactivity.

3) Adsorbed quantity of CO to used catalysts after pretreatment is greater

than the value with no pretreatment and less than the value of fresh
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catalyst. Some reactants, like carbonaceous deposits, would still be
adsorbed on the catalyst after the pretreatment.

4) Quantity of CO adsorbed to refreshed catalyst showed the same as fresh
catalyst and sintering and migration did not occur.

5) In the area [B], the area of platinum exposed would be the same, since
the reactivity was the same. In the area [C], there is a sudden dip in the
reactivity, and this would be caused by the decrease in exposed platinum

area.

(2) Pore size distribution of the deactivated catalyst

To discuss the deactivation of catalyst, pore size distribution of
deactivated catalyst was measured. Figure 5.5 shows the results. The peak
pore radius was same but the peak was lower than that of fresh catalyst.
Before measuring the pore size distribution, standard pretreatment of
calcination under vacuum was conducted and some carbonaceous material
would be removed. Then, this distribution would not be the same as that
under deactivation. Further study must be undertaken to measure the

deactivated catalyst.

3.2 Reactivity change with time and the deactivated model

Model of catalyst deactivation was discussed using reactivity change with
time. Actually, both reaction rate constant k and effective diffusion
coefficient D would change with time. In this study both factors were treated

separately and sensitive parameters are considered.

(1) Effects of the reaction rate constant
Potassium has been reported to control carbonaceous deposits. PV
Al203/Al catalyst with no potassium was prepared and the reactivity change
with time is shown in figure 5.6. The reactivity showed rapid drop and
decreased linearly. In this case, the following model would be applied.
Figure 5.7 shows pore blockade model. The carbonaceous deposits are

10

15

30

CHAPTER § DEACTIVATION AND DURABILITY OF
THE PLATE TYPE CATALYST

supposed to blockade the micro pores in the catalyst immediately, and
platinum particles inside of the pores could not be used for reaction. The
remaining pores are supposed to be used for the reaction under the same
reaction rate constant and effective diffusion coefficient. The volume of
deposits increases with time. In this case, reaction rate constant per unit
volume would decrease with the deposits.

Figure 5.8 shows reactivity changes with reaction rate constant, and
the changes were calculated using Eq.(5.1). The reaction rate decreased
linearly with decrease of reaction rate constant, regardless of thickness of
catalyst layer. As the reaction rate constant would decrease with reaction
time due to carbon deposits, X-axis of reaction rate constant corresponds to
reaction time. The relationship between reaction time and reaction rate
constant remains for further investigation. Since the characteristics of
changes of reaction rate are almost the same as in the examination, this model

can be applied for catalyst on which carbonaceous materials deposit easily.

(2) Effects of the effective diffusion coefficient

Figure 5.9 shows reaction rate changes with reaction time for two
thicknesses of catalyst layer, 30 xm and 80 ym. In these catalysts, potassium
was impregnated after hot water treatment. Though the catalyst with 30 ym
thickness showed a stable reaction rate after rapid drop, in the éase of 80 ym
thickness, there was no stable reaction rate and it decreased linearly. For the
catalyst with 30 ym thickness, after the stable reaction rate, there is a sudden
drop in reaction rate. Those characteristics are discussed as follows.

Figure 5.10 shows the pore narrowed model. In the model, the
carbonaceous deposits narrow the micro pores and the mass transfer of the
reactants into the catalyst pores becomes rate controlling. Then, the reaction
rate decreases with the reaction time. The volume of deposits increases with
time.

Figure 5.11 shows reactivity changes with pore radius and the changes

were calculated into using Eq.(5.1). The changes of reaction rate with pore
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radius is classified into three patterns, according to thickness of catalyst layer:

1) In the case of thickness of 10 um, the reaction rate was stable regardless
of pore radius.

2) In the catalyst with 30 um thickness, the reaction rate was steady till 0.5
nm pore radius, and showed rapid drop with decrease of pore radius.

3) More than 30 um in thickness, reaction rate gradually declines with

decrease this decline accelerates.

These phenomena are caused by the effectiveness factor of the catalysts.
The value of the thick catalyst is small and the reaction rate is sensitive to the
effectiveness diffusion coefficient which is decided by pore radius. Then, the
reaction rate decreased gradually with decrease of pore radius. In the case of
30 um, effectiveness factor is high (0.86) and mass transfer is not rate
controlling for the reaction. But if the rate controlling step is changed to
mass transfer from reaction, the reaction rate decreased with pore radius.

As the pore radius would be narrowed by carbon deposits with reaction
time, X-axis of reaction rate constant corresponds to reaction time. The
relationship between reaction time and pore radius remains for further
investigation. If rate of carbonaceous deposits is clarified, it would be
possible to predict the catalyst life by using these models. Since the
characteristics of changes of reaction rate are almost the same as in these
examinations, this model can be applied for catalyst which controls

carbonaceous deposits.

3.3 Durability of the tube wall catalyst

In this part, reactivity change with time of tube wall reactor was studied.
[nside of the tube, a PUA1,O3 catalyst layer 150 ym in thickness was formed,
and the length, Lc was 8.5 cm. In this catalyst, potassium was impregnated.

The apparatus was used as an integral reactor and the reaction was conducted
for 1000 h.

Figure 5.12 shows changes in conversion of cyclohexane with reaction
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time. In this condition, equilibrium conversion is 33 % of cyclohexane.

Initial reaction rate was about 33 % and it decreased rapidly and showed a

constant value after 50 h of reaction. The stable value 25 % continued to 200

h, and then decreased gradually to 1000 h of reaction. The reaction rate after

1000 h was about 60 % of the steady value.

We can think of a catalyst in the shape of a thin ring whose thickness is

AL, then the tube catalyst consists of many units of these ring catalysts. Each
ring catalyst from end to end shows a reaction rate which is decided by the
composition of the reactant. The conversion of the tube catalyst is calculated
as an integration of reaction rate of each ring catalyst. The reactivity changes
with the time of ring catalyst is allowed by the pore narrowed model, and the
following are considered:

1) In imtial reaction, all parts of the catalyst are fresh and show high
reactivity. The reactivity decreases rapidly, like that of a differential
reactor.

2) The conversion showed constant till 200 h. All parts of the catalyst were
considered to show a constant reaction rate, like area [B] above.

3) Since a sudden dip of reactivity is caused by carbon deposits in the
reaction, the reactivity of small parts of the catalyst decreased, from the
entrance of the tube catalyst. Thus the conversion which is calculated by

integration of the reactivity decreased gradually.

If quantity of carbonaceous deposits on the catalyst is known, the durability
of the tube catalyst can be determined.
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NOMENCLATURE
CONCLUSIONS
The deactivation mechanism and durability of the tube wall catalyst C:t Concentration of cyclohexane [mol/m3]
during dehydrogenation of cyclohexane was studied. D :  Effective diffusion coefficient [m2/s]
5 1) Deactivation of this tube wall catalyst caused by carbon deposits. 5 k Reaction rate constant [s-1]
Sintering, migration and loss of active species were not observed. The I :  Depthof the catalyst [4 m]
reactivity of a refreshed catalyst was as high as for fresh catalysts. L :  Thickness of the catalyst layer [ m]
Lc :  Length of the tube wall catalyst [cm]
2) Reaction rate increased linearly with quantity of CO adsorbed. rs :  Reaction rate of cyclohexane dehydrogenation per surface area
i 0 [mol/(h* m2)]
3) A deactivation model was proposed by using the model of effectiveness ¢ :  Thiele number [
factor of plate type catalyst. The reaction rate r. which is observed in
terms of experiment was expressed by effective diffusion coefficient and Superscript
reaction rate constant. * ¢ Initial
15 5
4) Experimental results on reaction rate changes of the potassium free
catalyst showed that reaction rate decreased linearly with time and these
results matched the pore blockade model. References
20 5) With potassium in the catalyst, the pore narrowed model matched the 0 1) Dollimore, D., G. R. Heal; J. appl. Chem., 14, 3,p.109-114 (1964)

experimental results well. In the model, the carbonaceous deposits 2) Furuoya, L. ; Shokubai, 18, 3, p.60-66,1976

3) Murata K., K. Yamamoto and H. Kameyama; Kagaku Kogaku
Ronbunshu, 19, 1, p.41-47 (1993)
4) Muata, K. and H. Kameyama; ALUTOPIA, 23, 10, p.9-15, 1993

narrow the micro pores, and the mass transfer of the reactants into the
catalyst pores becomes rate controlling. Thus, the reaction rate

decreases with the reaction time.

i S 5) Murata, K. and H. Kameyama; Proceeding of Int. Hydrogen and Clean
6) In the long-life test of a tube type catalyst, the catalyst showed a steady Energy Symposium '95, Japan, Tokyo, p.313-316, 1995
reactivity in the reaction time from 50 h to 200 h, but deactivation 6) Nishimura S., S. Takeoka and H. Kameyama;Shokubai, 32, 7, p.488-489
gradually proceeded to reach the value of 60 % of steady reactivity after (1990)
the reaction time of 1000 h. This phenomenon is expressed by the pore 7)  Sanshou Shokubai linkai, (ed), Shokubai, 31, p.317 (1989)
30 narrowed model. 10

8) Yamaseki K., S. Nakayashu, K. Yamamoto and H.Kameyama; Kagaku
Kogaku Ronbunshu, 17, p.267-272 (1991)
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CHAPTER 6 MAss TRANSFER IN TUBE WALL REACTOR
DEVELOPING LAMINAR FLOW

S

Lt

INTRODUCTION
In the wall type reactor, the catalyst layers are only formed on the

surface of the reactor walls and size of tube wall reactor tends to be larger
than that of conventional fixed bed reactor. This is caused by two reasons as
follows:

1) Volume of catalyst supported is smaller than that of fixed bed reactor.

2) Mass transfer in the radial tends to control the total reaction rate.

These two elements would be breakthrough points for design of tube wall
reactors.

In recent years, there has been some interest in the theoretical analysis of
radial mass transfer in tubular reactors. In these analysis, the flow has been
supposed to be fully developed laminar or turbulent flow 1-10),

In developed laminar flow, velocity difference between center and wall
is large, and mass transfer controls the total reaction rate. To escape this
controlling step, some researchers packed inert material in the catalyst tube.

- But this causes large pressure loss in the reactor.

The dehydrogenation of cyclohexane at 0.1 MPa and 473 K is gas phase
reaction. Reynolds number is about 2 and the flow is laminar. In these
conditions, while a fully developed laminar flow, it is likely that radial mass
transfer controls the reaction.

On the other hand, while laminar flow is still developing, it has been
reported that radial mass transfer was different from that of fully developed
laminar. The value is larger than that of developed laminar flow and near
that of turbulent flow 1)2).

In this chapter I focus on developing laminar flow. The radial mass
transfer under developing laminar flow was studied. Reaction conditions, in

which reaction rate is controlling, was proposed using static mixer.
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kp/kg is one of the important parameter to evaluate the condition of reaction
in the tube wall reactor. In this chapter, the value of this ratio is thought as
| THEORETICAL MODEL OF RADIAL MASS key parameter and the ideal ratio is assumed to be 20 [-].
5 TRANSFER IN THE TUBE WALL REACTOR 5 1.2 Ideal conversion changes with gas velocity
Conversion changes of the tube wall reactor with gas velocity for each
1.1 Mass transfer of reactant in the tube wall reactor reaction rate constant was calculated using a simulator (see next chapter 7).
Figure 6.1 shows illustration of the reactor wall. The reactant, In this calculation, ku/kg was supposed to be larger than 20, then, Ccs is
cyclohexane molecules diffuse to the catalytic reactor wall and they are same as Cco. Figure 6.3 shows the calculated conversion changes with SV.
10 dehydrogenated on the catalyst wall. In developing laminar flow, it has been 0 This conversion changes with space velocity SV are ideal condition of
reported that radial gas flow velocity distribution is almost same as a plug reaction. And the reaction rate is controlling the total reaction of this tube
flow 1)2). Near catalyst wall, the velocity is decreased by friction to the wall wall reactor.
and the boundary layer is formed on the catalyst wall. In the following, the experimental results were compared to the
In the boundary layer, the reactant moved to catalyst wall at mass calculated results.
i transfer coefficient ky. The total reaction rate constant k7 is determined by 5
reaction rate constant kg (kg=rs/Ccs ) and mass transfer coefficient in the
boundary layer kj . The total reaction constant k7 is expressed as follows:
2 EXPERIMENTAL
T |
& k_T_E+E 6.1) 20 2.1 Preparation of the tube wall catalyst
The commercial aluminum tube (JIS A-1050, 11 mm in diameter, 2-
Figure 6.2 shows the ratio of total reaction rate kr-iindd Pehction: rale 12.5 cm in length and 99.5 % in purity ) was used to prepare tube wall
constant kg (kr/kg) changes with the ratio of mass transfer coefficient R catalyst. Inside the aluminum tube was anodized by oxalic acid and followed
reaction rate constant kg (kp/kg). The kq/kg increases with the km/kg and the 2 f e trez?lmen.t "_] chroloplaumc. g Expenrr.xe.ntal
25 value rises to 1. This means that if the ks is 20 times larger ~than il apparatus for anodic oxidation was shown in figure 6.4 The conditions
(km/kg > 20 ), kT is almost same as kr (kr/kg = 1). In this conditi e R
10on, the 2 . "o : k .
cyclohexane concentration on the catalyst surface o e um in thickness was formed inside surface of alummu‘m tube. Figure 6.5is
cyelcheztie B oL ot e a photograph of th‘e prepe.xred tube wall catalyst. Platinum content was about
‘ . co=Ccs). Then, the mass transfer 10 wt% per alumina weight and about 10 g/m2 per apparent surface area.
i coefficient in the boundary layer can be neglected for the reaction. g0 Platinum dispersion was about 0.5.

Therefore, the ratio of mass transfer coefficient and reaction rate constant
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2.2 Reactivity of the tube wall reactor Figure 6.8 shows comparison of experimental and calculated results
Catalytic reactivity of prepared tube catalyst was estimated by for conversion changes with gas velocity. The experimental results are lowér
cyclohexane dehydrogenation, 473 K, 0.1 MPa. Reaction conditions were than that of calculated at low gas velocity. This means that mass transfer
same as those in chapters 2-5. Surface temperature of the catalyst was through the boundary layer controls overall reaction at low gas velocity and
5 controlled at 472-474 K. Figure 6.6 shows illustration of reactor with tube 5 thickness of boundary layer increased with decrement space velocity.
wall catalyst. Tube wall catalyst was inserted into reaction Pyrex tube. Using experimental results, total reaction rate constant k7 was calculated
Length of the catalyst was changed from 2 cm to 12.5 cm. Spiral plate that (See chapter 7). The reaction rate has been proposed to proportion to
plate was spiraling 180 degree in 4 cm, or flat aluminum plate was inserted pressure of cyclohexane as follows:
into tube wall catalyst to promote the radial mass transfer.
K 0 Poe sr 0o (6.2)
Figure 6.9 shows total reaction rate constant k7 changes with space velocity
3 RESULTS AND DISCUSSION with each reactivity. It is cleat that decrement of total reaction rate constant
is large at high reactivity catalyst.
15 3.1 Thickness of boundary layer 15 Mass transfer coefficient was calculated from overall reaction rate and
Under developing laminar flow, thickness of boundary layer is reaction rate constant measured by differential reactor (see chapter §) by
increasing with the distance from the entrance of the catalyst tube. It would using €q.(6.1). The results are shown in Figure 6.10. Mass transfer
be considered that the boundary layer thickness at the entrance and the exit coefficient was proportional to the 2 power of the space velocity regardless
are not same. This may cause the change of mass transfer coefficient. of reactivity. This is because the thickness of boundary layer is also
20 Thickness of boundary layer is proportional to the square root of the 2 proportional to the square root of gas velocity. To satisfy the key parametgr,
distance from entrance of tube. The distance to fully develop the boundary the ratio of mass transfer coefficient and reaction rate constant, space velocity
layer is calculated as 10 times longer than the tube wall catalyst used in this SV more thatt 3000 15 fieeded.
experimental.
Figure 6.7 shows conversion changes with catalyst length under same 3.3 Effects of static mixer on controlling step
25 gas velocity. The experimental results were matched well to the calculated 5 It has been clear that boundary layer thickness is important for reaction
results. These results show that mass transfer coefficient in the boundary of tube wall catalyst. Static mixer was inserted into tube and this effect was
layer through the tube wall catalyst is quite larger than the reaction rate i
constant. Therefore, effect of catalyst length on mass transfer coefficient can Figure 6.11 shows effect of static mixer on conversion changes with
be neglected. time under space velocity 1700 k1. At first only tube catalyst was used for
30 0 reaction. After the catalyst showed steady state, reactor temperature was
3.2 Mass transfer coefficient in the boundary layer dropped to room temperature and a spiral was inserted. Then the reaction
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test restarted.

During the insertion of spiral, nitrogen gas was used for purge. After
the insertion of the spiral, reaction rate showed high. This is because that
the surface of catalyst was cleaned by purge of nitrogen. After 10 h of
further reaction, the catalyst showed steady state again. The steady state
reaction rate was 3 points higher than that of tube catalyst without static

mixer.

3.4 Effects of spiral shape on conversion

Figure 6.12 shows effect of shape of static mixer on conversion
changes with space velocity. In this study, the effects of flat plate and spiral
plate were compared. By using static mixer, conversion at low space velocity
was increased and the value was matched to the calculated result. This results
show that static mixer accelerates the mass transfer in boundary layer. The
different of shape of static mixer on conversion was not observed. Figure
6.13 shows that effects of static mixer on conversion changes for each
reactivity. Every reactivity matched well to calculated result.

Effects of static mixer was considered that the reactant gas was mixed
mechanically by mixer. Pressure drop of static mixer was negligible under
Raynolds number of about 10.

CONCLUSIONS

In this chapter, mass transfer in the tube wall reactor developing laminar
flow was studied. The following conclusions are drawn from the present

investigation:

1) Mass transfer coefficient more than 20 times larger than reaction rate

constant was needed for reaction controlling step. Ideal conversion

10

3)

4)
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changes under reaction controlling was calculated.

In developing laminar flow, thickness of boundary layer is increasing
with the distance from entrance of catalyst tube. Experimental results
show that mass transfer coefficient in the boundary layer through the

catalyst is quite larger than the reaction rate constant. Therefore, effect

of catalyst length on mass transfer coefficient is neglected.

The conversion by experimental were lower than calculated results at
low gas velocity. Mass transfer through the boundary layer is

controlling overall reaction under 3000 h-1 of space velocity.

Using spiral or plate in the tube catalyst increased conversion at low

space velocity. This results show that static mixer accelerate the mass

transfer in boundary layer by mixing.
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Nomenclature

Ce Concentration of cyclohexane [mol/m3]

km :  Mass transfer coefficient in boudary layer [m/s]

kr Total reaction rate constant [m/s]

kr Reaction rate constant [m/s]

rs Reaction rate of cyclohexane dehydrogenation per apparent surface
area [mol/(s'm2)]

SV . Space velocity [h-1]

<Subscript>

0 1nitial

S surface
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CHAPTER 7 SIMULATION OF TUBE WALL REACTORS

INTRODUCTION

Chemical heat pumps with various kinds of reaction have been proposed

and studied. Tube wall reactors which easily transform thermal energy into

chemical energy are needed for CHPs to reduce exergy loss. A thin layer
catalyst supported on a metal has high thermal conductivity and well suits the
wall type reactor 2).

In this section, feasibility study of tube wall reactor was investigated by
using a simulator. The reactor wall is assumed to be made of PU/Al,O3/Al
plate type catalyst with high thermal conductivity.

At first, reaction mechanism and equation of reaction rate of
cyclohexane dehydrogenation around 9 kPa and 473 K was decided.
Adsorption of cyclohexane molecules to the catalyst site is the controlling
step under 10 kPa of partial pressure of cyclohexane. The rate of
cyclohexane dehydrogenation was controlled by adsorption rate of
cyclohexane molecule to the catalyst surface.

Conversion and temperature distributions in tube wall reactor and fixed
bed reactor were studied. The temperature and conversion distributions are
narrower in radius than those of the fixed bed reactor, and the wall type
reactor was preferable for use in CHPs.

Propriety of this simulation model was shown. Tube wall reactors of
2-12.5 cm length and with 300 #m thickness of catalyst layer inside the tube
were prepared. Calculation results matched experimental results well.

Design for a compact tube wall reactor was proposed. It has been shown
that compact tube wall reactor could be designed by reducing diameter of
reactor tube and by increasing catalyst thickness.

Process design for tube wall reactor was also proposed. In some cases,
there is no need for a feed preheater for tube wall reactor. This causes cost

down and flexibility for process design.
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1 DETERMINATION OF EQUATION OF
CYCLOHEXANE DEHYDROGENATION

To estimate the performance of tube wall reactor, equation of reaction
rate must be determined. In this study, target reaction is cyclohexane
dehydrogenation. Langmuir-Hinshelwood model was assumed to determine
the equation. The chemical reaction is expressed in equation(7.1).

473K
CsHj2 + 206 kl/mole < CgHg + 3H2  (7.1)

Pt/Al,03/Al catalyst with 30 ym thickness was used 7). Differential reactor,
the same apparatus as in chapter 2, was used.

Before the reaction test, reactivation of the catalyst was done by
oxidation in air at 623 K for 12 h and reduction in hydrogen stream at 623 K
for 2 h . Cyclohexane diluted by nitrogen (dilution ratio was 10) flowed at a
rate of 7.5 ml-cyclohexane/h and the concentrations at inlet and outlet gases

of the reaction tube were determined with GC equipped with FID (Shimazu
GC-8A).

2 MATHEMATICAL MODEL OF TUBE WALL
REACTOR

2.1 Model of tube wall reactor

Model of tube wall reactor is shown in figure 7.1. Inside diameter was
2 mm - 10 mm, thickness of catalyst layer was 30 ym - 300 yum. Though
platinum particles are distributed within actual catalyst layer, the particles

were supposed to exist on inside surface of the catalyst layer and the reaction
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was assumed to occur on inside surface area.

As reactant gas flows inside tube, cyclohexane diffuses to inside surface
of the catalyst and dehydrogenation occurs on inside surface. The reaction
temperature is the same as inside surface temperature and the reaction heat is
supplied from outside tube and inside gas.

Boundary layer exists on inside surface. This causes resistance to heat
and mass transfer, between reactant gas and inside catalyst wall. The
following was shown in previous chapter 6:

1) Under high gas velocity the resistance to mass transfer in the boundary
layer has been negligible.
2) While developing laminar flow, gas flow can be supposed to be plug

flow.

Based on these results the following assumptions were made:

1) Temperature of outside surface is same as that of heat media.

2) Axial diffusion may be negligible.

3) Physical properties such as reaction heat and heat capacity are assumed

to be the same.

Under these conditions, heat balance and material balance of the system

is as follows:

i)  Heat balance

(7.1)

ii) Matenal balance

X
R’

3X . D

2 e =0
0z . u

ax]
+

TroXx
R 3

£142)
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_9X DX 1 93X sMap=r) o
oz u|oR? R 9R|" G'Y, o
The boundary conditions are: ‘
=
1y 220 : X= 0 T=Ty (7.3) The boundary conditions are:
)
2) R=0 : JdT/dR=0, dX/JdR=0 (7.4) |
| 1) z=0 ) X=0,T=T, (7.9)
10 3) R=Riw : JdX/JdR=-rwM(G-u*D*Yyp) (7.5) ’
2) R=0 . dT/JdR=0,dX/dR=0 (7.10)
-ke* T/ IR = 0
3) R=Rw : dX/ dR=0 7.11
hw *(Tiw-T) = (-H) *(-rw)+(kc/d) (Ti-Tw)  (7.6) : W
&% -ke* d T/ d R=hw *(Tjw-T) (7.12)
2.2 Model of fixed bed reactor |
Reactor tube is 25 mm in diameter. Catalyst particles 3 mm in diameter 3
are packed in the reactor tube, with porosity 0.51. Reaction heat is supplied
from heat medium outside tube and inside wall temperature is assumed to be 2.3 Physical properties
20 same asdhatbof dutsidewall Table 7.1 shows physical properties. These properties are referred to
Kagaku Kogaku Binran 5) and calculated using equations arranged by Sato 8).
i) Heat balance 2 It should be noted that the diffusion coefficient of cyclohexane and thermal
efficiency in fixed bed reactor are quite different from those of tube wall
oT ke 3T 1 aT —H'(—r,,.) | reactor.
' z T G-C,|9R? + R [ OR *, G-C =0 Thermal conductivity of PUAl,03/Al catalyst was calculated using series
P P
A7 } model. Figure 7.2 shows changes of thermal conductivity of alumina layer.
25 % The thermal conductivity drops rapidly with alumina thickness.

Thermal conductivity of anodized aluminum plate was measured as 105
ii) Material balance kcal/(mehek). The thickness of alumina layer on both sides was 10 ym and
aluminum thickness was 3 mm. The calculated value at 20 ym of alumina

layer was almost the same as the measured value, so this model was
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appropriate. On the other hand, thermal conductivity of fixed bed reactor
wall was assumed to be very large.
|
| Table 7.1 Physical properties
5 2.4 Calculation Tube wall reactor Fixed bed reactor
The solution of Egs.(7.1)-(7.12) was solved using the conventional Diffusion coefficient of
i feed gas, D [m2/h] 0.731 0.183
method on a using personal computer 1)6). Reaction rate which is
d e _ _ T ) | Heat capacity of feed
etermin y experimental was used. Parameters using this simulation are | gas, Cp [J/(kgeK)] 2.13¢103 2.13¢103
shown in Table 7.2. Thermal conductivity 0.03 0.115
10 | ke [W/(meK)] (Gas phase)
Film coefficient of heat
transfer, 30~130 130
hw [W/(m2-K)]
Reaction enthalpy 206 206
H [kJ/mol]
5
10 Table 7.2 Reaction conditions
Temperature of inlet gas, [K] 473
Temperature of heat medium, [K] 473
Feed gas flow rate, G [kg/(mes)] 8.83¢10-3
: | Tube wall reactor, 2 ~10
: | Diameter of reactor, [mm] 77 Pt oositar. 35 *
*} Conversion of inlet gas [-] 0
% Conversion of outlet gas [-] 0.3
i . .
Average catalyst particle size, 3
[mm¢] (Fixed bed reactor)
Thickness of catalyst layer, 30~300
[pm] (Tube wall reactor)
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3 RESULTS AND DISCUSSION

3.1 Reaction kinetics

Eq.(7.13) shows reaction equation of cyclohexane dehydrogenation.

CesHjr + 206 kl/imole < CgHg + 3H2  (7.13)

Many kinetics have been reported concerning this reaction, using the

Langmuir-Hinshelwood model:

1) Cyclohexane adsorption to the catalyst is controlling step under 10 kPa
of cyclohexane pressure using Ni catalyst 3)9).

2) Desorption of generated benzene is controlling step over 10 kPa 4).

In this study, reaction pressure is less than 10 kPa, the same as 1) and

adsorption controlling model was assumed, and the reaction rate is shown in

Eq.(7.14).

: PPy By Ky _
" 14K P, Py K;'+K, P+ K,-P, (119

r=k

In this condition, since partial pressure of every element is low and
equilibrium conversion is 0.3 shown in Eq.(7.15), a simpler Kinetic

expression is given as Eq.(7.16).

§ L Kc*Pg ‘P8 *Kpl, Kg-Pp, Ky Py (7.15)

=kw *(Pc-Pp *PrpKp1) (7.16)
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Initial reaction rate is given as follows:

ro=kw *Pc (7.17)

Then, reaction rate constant is,

kw=ro/P. (7.18)

3.2 Experimental results and Kkinetic model

Figure 7.3 shows initial reaction rate changes with partial pressure of
cyclohexane. The initial reaction rate increased linearly with the pressure of
cyclohexane. The experimental results matched the kinetic model well .

Figure 7.4 shows ro/P. changes with Pc. Reaction rate constant was

measured by arrhenius. The activation energy of this reaction is 91.5 kJ/mol
(Figure 7.5). This value is almost the same as that in a previous paper 9).

Equation of cyclohexane dehydrogenation could be written as follows.

r=kw *(Pc-Pp *Py3Kp -1) - (7.19)
kw=3.46+1011-exp(-11000/T) (7.20)
K p=exp(-26400/T+47.6) (7.21)

3.3 Calculated results of tube wall reactor and fixed bed reactor
Figure 7.6 shows calculated results of temperature and conversion

distribution with catalyst length in tube wall reactor. Reactor diameter is 10

mm and velocity of cyclohexane is 0.04 m/s. Temperature drop on the
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surface of catalytic wall is about 0.15 K. This shows tube wall reactor has
high thermal conductivity. Radial temperature and conversion distribution is
almost zero.

Figure 7.7 shows calculated results of temperature and conversion
distribution with reactor tube length in fixed bed reactor. Reactor diameter
is 25 mm and cyclohexane gas velocity is 0.04 m/s.

Maximum temperature drop is 40 K and it appears at some distance
below the inlet. Conversion difference between wall and center is large.

In the center, cyclohexane dehydrogenation is stopped by low
temperature. Conversion change in this part is caused by diffusion of
generated benzene and hydrogen from the wall. Thus, it is clear that heat
transfer from wall to center is the controlling step in the fixed bed reactor.

The length of tube wall reactor showing conversion 0.3 is 2 m and this is
10 times longer than that of the fixed bed reactor. But the catalyst volume of
tube wall reactor showing conversion 0.3 is 1/4 of that of fixed bed reactor.
Therefore, tube wall reactor tends to be larger but the catalyst volume is

small and the catalyst is used effectively for reaction.

3.4 Effect of tube diameter on conversion

The catalyst tube diameter was changed from 10 mm to 2 mm.
Conversion and temperature changes with tube catalyst length was shown in
figure 7.8.

By reducing the reactor tube size, number of catalyst tubes is 25 times
larger and the catalyst volume per unit volume is 5 times larger than the

previous tube 10 mm in diameter. The reactor volume could be decreased to

1/5 of the previous tube wall reactor.

3.5 Effect of thickness of catalyst layer on conversion

It has been reported that the catalytic reactivity increased with thickness
of alumina layer. Effect of the thickness on the conversion is shown in
figure 7.9. The thickness was assumed to be 300 ym. Catalyst tube

diameter was 10 ym.
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Catalyst tube length showing conversion of 0.3 is 0.2 m which was the
same as that of fixed bed reactor. Inside surface temperature decreases about
1 K by dehydrogenation reaction and heat transfer to the catalyst is not
controlling in spite of the fixed bed reactor. By increasing the reactivity per

unit area, catalyst length could be shortened and reactor volume decreases.

3.6 Effect of inlet gas temperature on conversion

Usually, reaction gas is preheated and supplied to reactor. Effect of
omission of this preheat on conversion is calculated, and these results are
shown in figures 7.10, 7.11. Inlet gas temperature was supposed to be 373
K.

In the fixed bed reactor, the conversion of outlet gas decreased by
omission of preheat. This is because thermal conductivity inside the reactor is
low and heat for reaction could not be supplied.

On the other hand, in the tube wall reactor, the thermal conductivity is
high and heat for reaction is supplied from reactor wall, and the reaction can
proceed. The gas temperature increases to the wall temperature at some
distance from the inlet but surface temperature is almost the same as in the
case of preheating. This is because heat capacity of gas is smaller than
reaction heat. Therefore, preheater of reaction gas can be omitted for tube
wall reactor. This gives cost down for construction and flexibility for

process design.

3.7 Evaluation of Simulation results

Propriety of the simulator of tube wall reactor was investigated. Tube
wall reactor with PU/AL,O3 catalyst layer on inside surface was prepared by
the same method as previously reported in chapter 3. The catalyst thickness
was about 300 um. Catalyst length using this examination was 2-12.5 cm.

Conversion changes with catalyst length are shown in figure 7.12. The

calculated conversion changes with thickness match the experimental results

.well. Therefore, this simulation is a reasonable model.
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Nomenclature
CONCLUSIONS
In this chapter, reaction kinetics of cyclohexane dehydrogenation are | Cp : heat capacity of feed gas [Jekg-1eK-1]
5 studied. Using the results, simulation of tube wall reactor was investigated s : diffusion coefficient of feed gas [m2eh-1]
and compared with fixed bed reactor. The following are examined. d : thickness of the PUAl,O3/Al catalyst [m]
G :feed gas flow rate [kgem-2es-1]
1) Kinetics of cyclohexane dehydrogenation were studied. Cyclohexane H : reaction enthalpy [Jemol-1]
adsorption to the catalyst site is controlling step under 10 kPa of hAw - film coefficient of heat transfer [Wem-2eK-1]
10 cyclohexane pressure. Equation of cyclohexane dehydrogenation was 0 K : adsorption equilibrium constant latm-1]
determined. | Kp : equilibrium constant in equation (13) [atm3]
J
| kc : thermal conductivity of the PUAI,O3/Al catalyst
2) Conversion and temperature distributions in tube wall reactor and fixed |Wem-1eK-1]
bed reactor were studied. This simulation model matched experimental ke : thermal conductivity in the reactor [Wem-1eK-1]
H SEITCSE 15 kr : reaction rate constant of the catalyst
‘ | in the fixed-bed reactor [moleh-lem-3eatm-1]
3) In the fix bed reactor, temperature difference between center and wall | B et P et T P A
of reactor is large and heat transfer from the wall to the center is the
catalyst [moleh-lem-2eatm-1]
controlling step. .
M : average molecular weight of the reactant |kgemol-1]
20
s G ol 20 P  : partial pressure |atm |
4) In the tube wall reactor, thermal conductivity is large and reaction is the ] ]
R : radial coordinate of the reactor [m]
controlling step. The catalyst volume is small but the reactor volume is ] 5
- rr : reaction rate of the catalyst in the fixed-bed reactor
larger than a fixed bed reactor.
[moleh-1em-3],[moles-1em-3]
: ' the PUAI203/Al catalyst
25 5) Volume of tube wall reactor reduces by increasing high catalyst volume rw : reaction rate of the y
i o 125 [moleh-1em-2],[moles-1em-2]
per unit. Small catalyst tube diameter, decreased from 10 mm to 2 mm, ;
. . ‘ : K
or increase of catalyst thickness from 30 ym to 300 xm, reduce reactor l T : temperature K]
volume. u :reactant gas velocity [m-h-1]
X :conversion [-]
30 6) There is no need for feed preheater for tube wall reactor. This gives Y :mole fraction -]
cost down and flexibility for process design. x z  :axial coordinate of reactor [m]
g : porosity -]
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<Subscripis> Catalyst layer 30-300um
B 172 et Aluminum layer
C :cyclohexane
" Shi ot i Riw=10/2mm-2/2mm
iw : inside surface of the wall 5
w : outside surface of the wall
0 :inital | ; |
| N1 :
- A I l
| I
I | | I
= kit o 4 I
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Fig. 7.2 Thermal conductivity of plate type catalyst




10

15

20

25

30

CHAPTER 7 SIMULATION OF TUBE WALL REACTORS

1

a 10
=

S 8F
£

3 6f
E

& G
<

[

g T
S

S o
a2 2

4 6 8 10 12 14

16

Pressure of cyclohexane |kPa|

Fig. 7.3 Relationship between Pc and reaction rate

Py T T T .l T
1 ° 493K o
-
: 473K 3
iy w m |
L e 453K . |
| | q l. ¥ J |

rO/Pc [mol/(hem?eatm)]
c o8 88883

Fig.7.4

4 6 8 10 12 14 16
Pressure of cyclohexane [kPa]

Correlation of parameters in Eq.(7.18)
using experimental data

10

15

30

CHAPTER 7 SIMULATION OF TUBE WALL REACTORS

w I
W N B (V)]
| | | |

[\
9}
T

In ky, [mol/(hecat-m*satm)]

1 1 1 1

E=91.5kJ/mol

2
2

205 28 R 2.2

1/TX10° [K}]

2.25

Fig.7.5 Temperature dependency of rate constant k

. a5

473[7_/ T

Temperature [K]
5
(8]

471

Thickness of oxide film30u m

R=0mm,Average ,Riw

40.4

1
&
N
X

0 0.

5 1 1.5
Reactor Length [m]

0
s

Fig.7.6 Profiles of conversion and temperature

in tube wall reactor (R;y=10/2mm)




10

15

20

30

CHAPTER 7 SIMULATION OF TUBE WALL REACTORS

433

413

Temperature [K]

393

373 . 1 .
0 0.05 0.1 0.15 0.2

Reactor Length [m]

Fig.7.7 Profiles of conversion and temperature in
fixed bed reactor (Rw=25mm/2)

473% T -~ — .5
Z 1 0.4
ey R, «=2/2mm R, =10/2mm
2 0:3 oy
s 472 s
2 0.2 ™
&
)
2 0.1

471 s ; . 0

0 0.5 1 1.5 5

Reactor Length [m]

Fig.7.8 Effect of diameter of the tube wall reactor
(2 mm and 10 mm) on plofiles of
conversion and temperature

20

25

30

CHAPTER 7 SIMULATION OF TUBE WALL REACTORS

473 g ' Won—— ]
5 S 4
<
o e 30um 403
% 472 =i
g 0.2 %
5
= R;w=10/2mm7 0!

471 . i 1 0

0 0.5 1 5 ¥ )

Fig.7.9

3 B

Average temperature
of inside reactor [K]
C Y
N
S

Reactor Length [m]

Effect of thickness of catalyst layer on profiles
of conversion and temperature

1 1 1

Inlet gas temp. N

0 0.02 0.04 0.06 0.08
Catalyst length [m]

reactor, inlet gas temperature=373K

0.3
02 &
<
§
g.
0.1 =
0

Fig. 7.10  Plofiles of conversion and temperature in tube wall




o

et R | e o Mo
i o S e S R R

i S i o

10

15

20

25

30

Average temperature

ey
o

of inside reactor [K]

2

Conversion [-]

CHAPTER 7 SIMULATION OF TUBE WALL REACTORS

W
3

I
3

T o 1 ¥ 1

|

[-] uoisiaauo)

Heat medium temp. 473K

Inlet gas temp.

1 M L 1 1

1
S
——
W

4 0.1

0

0.02 0.04 0.06 0.08

Catalyst length [m]

0.1

.7.11 Plofiles of conversion and temperature in fixed

bed reactor, inlet gas temperature=373K

Fig.7.12

0.05 0.1
Catalyst length [m]

0.15

Comparison of calculated results with

experimental results

CHAPTER 7 SIMULATION OF TUBE WALL REACTORS

APPENDIX 1

Simulation Program Of Tube Wall Reactor
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410 PRINT'AX.INC AX.LENGTH =0.0 =0.5" +
Y=1.0 AVE"PRINT
420 1S=M/2
Temperature and conversion distributions in radius of tube wall reactors were calculated 430 ' REEH[AY ODOFH
by this program. This simulation program was written by N8SBASIC. § :gg 2%253 ITO%SA 13—&‘;}:;“5),\\’;‘ s
5 460 L=0:J=0
470 PRINT USING"$HHEHHE+CS$:J;LTO(0); TO(IS); TO(M); TMINO;
480 FOR I=0 TO M : S(I)=FO(l) : NEXT |
PROGRAM LIST o 490 GOSURB 1000 : FMINO=SAV
500 PRINT USING B$:;F0(0);FO(IS);FO(M);FMINO :PRINT
PRINT #1,L,TO(0), TO(M), TMINO,F0(0),FO(M),FMINO
5 ‘file name "SIMQ" 92/6/24 ,GE=50,300 1 =G*10,LMAX=2m,RW=1mm(3:&E 2?8 FOR |=§ TCL,' M( i : :
10 SEEAREREON 3 520 T=TO(1)+273.15 : F=FO(I)
10 ' 7 V-MEMRR IO SE s 530 GOSUB 1500 : RO(I)=RATE
20 WL ICL D 2 RITHRE 540 NEXT |
w4 -
550 ' EHEEE
S0' DEFRSTNS fo 560 ALPDX=ALP*DX# : BETDX=BET*DX#
15 35 M=10 M:FEHEDSFE10 570 HKDY=HK*DY : HKDYTW=HKDY*TW
40 DIM TO(M),T1(M),FO(M),F1(M),RO(M),R1(M),S(M)’ b 575 NI=INT(N#)
46  RW=1/1000ii) : LMAX=2iii) 580 WHILE L<LMAX
52 Q%$=624R2T"Q$: 77AM4 )N X—A 585 J=J+1
57 Q$=Q$+".PRN" :OPEN Q$ FOR OUTPUT AS #1 590 L=L+DL#
20 T—IEREALT7ANEX-T TS 600 FORISOTOM
70 T DANEBS ' FS 610 RASM=RO(I)
151 DE=0.73 :GE=50ii) 'DE : H A MLaEScm/s] 620 RAV=.5*(RO(I)+RASM)
152 G=.00882*GE : AMAV=.084 :YO=1 : TW=200ii) : TINI=200ii) :FINI=0 630 IF =0 THEN 640 ELSE 670
153 CPM=2130! : DHR=206000! : KE=.03 : HW=130 'ke,HW 640 T1(0)=TO(0)+4*TMO*(TO(1)-T0O(0))  'HAEB
25 154 FMO=.25 : PT=liii) : TH=10ii) : EPSI=.05 ' KC=40700! 650 - F1(0)=FO(0)+4*FMO*(FO(1)-FO(0)) '
155 KC=1/(300ii)e-6/2+3e-3/210)*3e-3/3e-3 b 660 GOTO 770
160 ' /XS A—%
670 IF I<>M THEN 680 ELSE 710
165 U=(G*1000/84)*(.0224*(473/298)*(1+TH))*100 '#:E B [cm/s] T1=TO+TMO*((1 +.5/1*TO(+1)-2*TO(H+(1-.5/1*T0(1-1))
170 ALP=(-DHR)/G/CPM : BET=AMAV/G/YO0 44 q:r(,ﬂ); L -l
30 180 KAPA=(KE)/G/CPM/RW : DELT=DE/(U*(RW*100)) : 690 F1()=FO()+FMO*((1+.5/1)*F0(1+1)-2*FO()+(1-.5/1)*F0(I-1))
TMO=FMO/DELT*KAPA 85 700 GOTO 770
182 PRINT "FMO ":FMO;", TMO"TMO 710 T1(M)=(T1(M-1)+HKDYTW)/(14+HKDY)+ALPDX*RAV
183 PRINT "KC "KC,” U="U 720 F1(M)=FO(M)+2*FMO*(FO(M-1)-FO(M))+BETDX*RAV
185 IF TMO>.5 THEN TMO=.25 : FMO=TMO*DELT/KAPA 730 T=T1(1)+273.15 : F=F1(1)
35 190 AM=M :DY=1/AM : DX#=DY*DY*TMO/KAPA 740 GOSUB 1500 : R1(I)=RATE
200 DLH#=RW*DX#/2 : N#=LMAX/DL# : HK=HW*(KC/(KC+HW))*RW/KE n 750 IF ABS((R1(1)-RASM)/RASM)<=EPSI| THEN 770
HKEE T 760 RASM=R1(l) : GOTO 620
201 NPRINT#=N#/200 :PRINT "NPRINT# ";NPRINT# 770 NEXTI
202 NPRINT=INT(NPRINT#) 780" REOET
40 205 PRINT "DELT="DELT;:DX ="DX#"DL="DL#"FMO="FMO;": TMO=" 790 IF J < NPRINT THEN 860
i ;’:‘gT ' 45 800 FOREOTOM: S(D=T1(l) : NEXT |
- : 810 GOSUB 1000 : TM1=SAV
210 'AYNEEERBEDOSH 820 FORI=0TOM:S()=F1() : NEXT I
220 FOR I=0 TO M-1 : TO()=TINI : NEXT | 830 GOSUB 1000 : FM1=SAV
45 230 FORI=0 TOM :FO(I)=FINI : NEXT | 840 PRINT USING#HHHH+CS$:J.LT1(0);T1(S):T1(M).TMT;
240 TO(M)=(TO(M-1)+HK*DY*TW)/(1+HK*DY) 9 850 PRINT USING B$:F1(0):F1(IS);F1(M);FM1 : PRINT
250 ' NSA—F ETF—IDERR 855 GOSUB 2000
260 A$=" #HEIHHHE T C$=A%$+ T +A$+AS+HAS+HAS 857 J=0
270 B$= Fr+A$+AS+AS+AS 860" XDART v 7D
50 280 D$="#tHHH " 870 FORI=OTOM
290 PRINT " #=xxDATA®***" 5 880 To()=T1(1) : FO()=F1(1) : RO()=R1(1)
300 PRINT USING" M=t N =tHHHNMN# 890 NEXTI
145
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910 WEND

915 CLOSE #1

920 END

1000

1001" o7V EICLIEEmFLEOHAE

1010 MM=M/2-1 : SUM=0

1020 FOR JJ=1 TO MM

1030 X2=(2*JJ-1)*DY : Y2=X2*S(2*JJ-1)

1040 X3=X2+DY : Y3=X3*S(2*JJ)

1050 SUM=SUM+4*Y2+2*Y3

1060 NEXT JJ

1070 SAV=2*DY/3*(SUM+4*S(M-1)*(M-1)*DY+S(M)*M*DY)

1080 RETURN

1490"

1500 RIGEEOHH

1605 K=3.46E+11*EXP(-11000/T)

1610 KP=EXP(-26490/T+47.6)

1630 A=PT/(14+TH+3*F) : PB=F*A : PC=(1-F)}*A : PH=(3*F)*A “PT=PB+PC+
PH

1640 RATE=K*(PC-PB*PH 3/KP)/3600%10i) '[mol/(h-m2)]

1650 RETURN

1990

2000' F—YDRHE

2010 PRINT #1,L,T1(0),T1(M), TM1,F1(0),F1(M),FM1

2020 RETURN

PARAMETERS

Following parameters were used in this thesis.

(1) Reaction rate constant
Reaction rate constant of catalyst layer with 30 um in thick was used as standard. In
this program, the reactivity was assumed to be 10 times larger than the standard

reactivity.

Thickness of catalyst layer

Standard thickness of catalyst layer was 30 ym. Thermal conductivity of catalyst
decreased with thickness of catalyst layer. In this program, the thickness was assumed
to be 300 ym.

Another parameters

Following parameters were changed to calculate performance of tube wall reactor.
Reactor length (LMAX), Temperature of heat medium of out side of tube wall reactor
(TW), Inlet gas temperature (TINI), Mass flow of reactant (GE), Total pressure (PT),
Dilution rate (TH).




CHAPTER 8 DESIGN AND PERFORMANCE OF
THE TUBE WALL REACTOR

INTRODUCTION

Chemical heat pump (CHP) processes utilize endothermic chemical
reactions and their exothermic reactions to upgrade industrial waste heat or
solar energy by raising temperature 1). The processes enable energy to be
used with high efficiency, to control working temperatures easily and to store
and transport energy in the form of stable chemical substances without
energy loss. Therefore, an early realization of CHP systems for a practical
application is expected in various fields of industry and in wide areas of
energy usage. Recently the CHP system, using the reaction couple of
cyclohexane dehydrogenation at 473 K, under 0.1 MPa, and benzene
hydrogenation at 623 K, 2.0 MPa (Figure 1.3) driven by compression work
has been proposed 2). The system is an interesting way to back up the UT-3
cycle for heat and hydrogen storage 3). Furthermore, this CHP can be tied
up in the world energy network (WE-NET) system, which has been proposed
for the international transport of thermal energy in the form of hydrogen 4).

In this chemical heat pump, it is important that the mutual
transformation between thermal energy and chemical energy is easily done.
Therefore a tube wall type reactor (TWR), which has layered catalyst on the
inside surface of the metal tube body has been proposed as a heat exchanger
in order to have a high heat conduction rate 5)6)7). The reactor wall can be

made of PUAI,03/Al plate type catalyst which has high thermal conductivity.

The PYAl,03/Al plate type catalyst is prepared by anodic oxidation of a

commercial aluminum plate to produce alumina film as a catalyst support,
following by hot water treatment in chloroplatinic acid solution to increase
BET surface area of the alumina film and simultaneously to impregnate
platinum as a catalyst species 6)8). The conditions for preparing a catalyst
film of any thickness under 300 um was established 7).

In the TWR, the endothermic or the exothermic reaction takes place on
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the reactor wall. Simultaneously, also the heat of the reaction is recovered or
supplied through the same reactor wall. The present study deals with the
performance of a TWR which transforms thermal energy into chemical
energy efficiently by endothermic reaction of cyclohexane dehydrogenation.

The chemical reaction is expressed in equation(8.1).

CsH12+206 kJ/mole < C¢Hg + 3Hy  (8.1)

The following parameters have been studied in the present investigation:
(1) Calculation of the TWR and comparison with the performance of a
classical FBR by simulation
(2) Development of catalysts in shape of tube wall, fin-tube and fin-plate

1 DESCRIPTION

1.1 Temperature and conversion distribution in the reactors

In this paper, conversion means convert ratio of cyclohexane into
benzene and hydrogen. To estimate the performance of a TWR and to
compare it with the performance of a FBR, conversion and temperature
distributions in the reactor tube are calculated in a simulative study. Radial
and longitudinal distributions of temperature and conversion in both types of
reactor are calculated by using the rate equation for cyclohexane
dehydrogenation determined from experiments 9)10). The outside wall of
both reactors is assumed to be in contact with pressurized liquid water of 473
K (Figure 8.1). The reactor volumes are compared at the conversion of 0.3
(90 % of the equilibrium conversion). The pressure drop in the TWR is
calculated by FANNING's equation and in the case of the FBR the ERGUN's
equation is used. Physical properties and reaction conditions are listed in
table 8.1.

20
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Table 8.1 Physical properties and reaction conditions

TWR FBR
Diffusion coefficient of feed D [m2/h] 0.731 0.183
Heat capacity of gas Cp [J/(Kg x K)] 2.13 x 103 2.13 x 103
Thermal conductivity ke [W/(m x K)] 0.03 0.115
Film coefficient of heat transfer
hw[W/(m2 x K)] 30-130 130
Reaction enthalpy
AH [KJ/mol] 206 206
Temperature of inlet gas [K] 473
Temperature of heat medium [K] 473
Feed rate G [kg/(m2 x s)] 442 x 10-3
Diameter of reactor [mm] 10 (TWR), 25 (FBR)
Conversion of inlet [-] 0
Conversion of outlet gas [-] 03
Catalyst particle [mm ¢ ] 3(FBR)
Catalyst layer [gm)] 270(TWR)

1.2 Variation of the heat input capacity with reactor scale

The heat input capacity of the endothermic reactor was calculated as a
function of the size of the reactor. Figure 8.2 shows a unit of the model
reactor used for the simulation. In the case of the TWR, the catalyst layer is
formed on the inside walls of the double-pipe heat exchanger tubes (10 mm in
diameter, Radius of reactor tube, Rw=10/2). The thickness of the catalyst
layer is 270 pym. In the FBR the reactor tube is filled up with the catalyst.
The diameter of the reactor tube and of the PUALO3 catalyst particles are 25
mm (Rw=25/2) and 3 mm, respectively. The arrangement of the reactor

tubes within the reactor unit and the tube pitch are also shown in figure 8.3.

_One basic reactor unit is 0.6 m in width, 1.2 m in height and 3 m in length.
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The heat input capacity of one unit is 42 kW. The complete endothermic
model reactor contains several of these units in order to obtain the heat input

capacity required.

2 RESULTS AND DISCUSSION

2.1 Pressure drop for the reactor

The pressure drop for both reactor types is shown in figure 8.4. In
the FBR, the pressure drop is about 100 times larger than that in the TWR,
since the reactor tubes are filled up with the catalyst particles. Therefore, the

pressure drop in the FBR should be a serious problem when the reactor scales

up.

2.2 Variation of the reactor size
In order to realize the CHP system in an industrial size it is necessary to
scale up the endothermic reactor. In this context the heat input capacity of

both reactor types is compared at a different reactor size.

(1) Vanation of the reactor volume at different heat input capacities

The variation of the reactor volume with the heat input capacity are
shown in figure 8.5. While the reactor volume in the TWR is always
proportional to the capacity, the increment of the reactor volume in the FBR
increases with the capacity. When the input capacity is more than 42 kW, the
TWR becomes smaller than the FBR at the same capacity. The reason for
this behavior is the pressure drop which increases in the FBR rapidly with the
reactor volume. This pressure drop restrains the chemical equilibrium and
thus diminishes the conversion. Therefore, in a large system the TWR is

much more favorable than the FBR.

(2) Vanation of the heat input capacity with catalytic reactivity

CHAPTER 8 DESIGN AND PERFORMANCE OF
THE TUBE WALL REACTOR

A large heat input capacity per reactor volume (heat input capacity
ratio) reduces the size of the endothermic reactor. The variation of the heat
input capacity with the reactivity is shown in figure 8.6. The heat input
capacity ratio of the TWR is proportional to the reactivity, and the compact
reactor could be designed by increasing the reactivity. On the other hand, the
increment of the capacity of the FBR remains small in spite of an improved
reactivity. This can be explained by the reason that the heat conduction from
the wall to the center of the reactor tube is the rate controlling step in

cyclohexane dehydrogenation.

2.3 Applications of wall type reactor with heat exchanger

function

The fin-tube catalyst whose fin surface has been modified into Pt catalyst
by anodization and hot water treatment is shown in figure 8.7. Originally
the fin tube has been designed for the use in a commercial heat exchanger,
whose inner diameter and the length are 25 mm and 100 mm respectively.
The spirally attached fin plate was 11 mm in width and 2 mm in pitch. The
total apparent surface area of the fin was 0.5 m2. When the surface is

“modified by the catalyst, it becomes the most reactive at this point. A tube of

this size is expected to be an endothermic reactor of about 720 W for
cyclohexane dehydrogenation. Figure 8.8 shows a conceptional model of
the fin-tube reactor. Equipped with the catalyst shown in figure 8, the
reactor serves simultaneously as a heat exchanger.

An attempt has been made to design and fabricate a corrugated
aluminum plate to increase surface area is shown in figure 8.9, whose
surface has been modified into Pt catalyst as the former fin-tube surface. The
plate is expected to be a part of a many layered plate-fin reactor of any size.
Furthermore, when some kinds of separator films are installed together as a

unit, it is possible to design a reactor with a function as shown in figure

8.10.
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CONCLUSIONS

1)

3)

The following conclusions are drawn from the present investigation:

The performance of up-scaled reactors was calculated. For heat input
capacities over 42 kW the volume of the TWR is smaller than the
volume of the FBR.

Thermal conductivity must be improved in the FBR to make the
endothermic reactor more compact. On the other hand, a compact
reactor can be designed by use of a highly reactive catalyst in the TWR.
For this reactor type the heat input capacity is proportional to the

reactivity.

The catalyst layers have been formed on the surfaces of fin-tube and fin-
plate type heat exchangers. The fin-tube reactor was expected to be an

endothermic reactor of 720 W for cyclohexane dehydrogenation.
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NOMENCLATURE

Rw = Radius of reactor tube [m]
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Fig. 8.1 Illustration of the reactor tube Fig. 83 Tube layout and tube pitch in the reactor unit
20 i
L s
3m 103 T T T T
£ Y 102 w : Fixed-bed reactor Pqu=9KPa -
) O E Wall type reactor Temp.= 473K
30 =3 ] £ ol )
' HEAT MEDIUM | v,
I FT¢ -
1 r E =1 2 = o
. = 10 r=1 -Omm
35 : = i 3 e m———
——————————————— N 10' ~ - - = hor
e -
% - 10_3 7 1 1 1 |
-41: 0 20 40 60 8 100
40 9 Reaction gas flow [cm/s]
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CHAPTER 9 PERFORMANCE OF CBH CHEMICAL HEAT
Pump WITH TUBE WALL REACTORS

INTRODUCTION

A chemical heat pump with the reaction couple of cyclohexane
dehydrogenaiion at 473 K and benzene hydrogenation at 623 K (
cyclohexane/benzene/hydrogen chemical heat pump, CBH-CHP) has been
proposed to pump up industrial waste heat and to back up the UT-3
thermochemical hydrogen process as a heat and hydrogen storage system
1)2). The chemical reaction is expressed in equation (9.1).

473K ,0.1MPa
C,H,,+206 kJ/mole =C H,+3H, (9.1)

623K,1.6MPa

A high coefficient of performance (COP) of over 3.0 and also high thermal
efficiency of more than 80 % are needed for the utilization of CBH-CHP 1).
In the CHP, thermal energy transfers into chemical energy through
endothermic reaction at low temperature and the chemical energy turns into
thermal energy at high temperature through exothermic reaction. Then, this
system can store thermal energy or deplete thermal energy by controlling the
endothermic or exothermic chemical reactions. The system performance
(COP and thermal efficiency) under heat storage and heat pump operating
modes have never been studied. In this chapter, following items were studied
for CBH-CHP with 100 kW output of exothermic reactor by using a process
simulator, ASPEN plus.
1) Estimate the effects of the use of tube wall reactor for the CBH-CHP
2) Propose the new process flow which shows constant COP and thermal
efficiency under heat storage and heat pump operating modes

3) Calculate the performance change in transient state between heat storage
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and heat release operating modes
4) Fix the operating parameters to control the CBH-CHP system.

1 METHOD OF SIMULATION

1.1 Process simulator, ASPEN plus

ASPEN PLUS (Ver.8.5-6, ASPEN TECH. JAPAN) was used to estimate
process performances. Model manager employed a personal computer (IBM
compatible, CPU 486DX2/66 MHz, RAM 16 MB, HD 580 MB).

1.2 Process flow of CBH-CHP

Output of exothermic reactor was 100 kW in this study. Classical CBH-
CHP system used one flash after the endothermic reactor to reduce
compression work. Hydrogen and organic substances are separated in this
flash. In this case, one more flash after the exothermic reactor is installed to
facilitate the endothermic reaction. The separated hydrogen is compressed
and supplied to exothermic reactor. In heat storage operating mode,
hydrogen is discharged from the hydrogen gas line to hydrogen tank to
control the exothermic reactor, on the other hand, hydrogen is charged into
the exothermic reactor to promote the exothermic reaction. .The process
flow is shown in figure 9.1.

This new process is composed of two reactors, two flashes, three heat
exchangers, five pumps. Block #1 Rl is an endothermic reactor and R2 is
exothermic reactor. In this process, pressure loss of both reactors is zero,
using TWR. In order to reduce the work of compressor flashes F1 and F2
are installed. H1,H2, H3 and H4 are heat exchangers to recover latent heat.
Streams ID (SID) 20-25 are hydrogen gas lines. SID24 goes to the hydrogen
storage tank or UT-3 cycle , and SID25 comes from the hydrogen storage
tank or UT-3 cycle.

fo
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1.3 Process performance
The heat ratio of the heat pump is defined as the ratio of the heat
supplied ( composed of the endothermic reaction heat ) and the heat upgraded

by the cycle (exothermic reaction heat at R2 ).

_ Heat upgrated  ( Exothermic reaction heat )
~ Heat supplied  ( Endothermic reaction heat ) 9.2)

The COP (Coefficient of performance) is given by the ratio of the removed
high temperature heat to the energy supplied to the compressors.

» Removed high temperature heat
~ The energy supplied to the compressor 93)

cop

COP : Coefficient of Performance

2 RESULTS AND DISCUSSION

2.1 Pressure drop and system performance

The conventional fixed-bed reactor has a large pressure drop. The
effect of pressure drop of the reactors on COP and thermal efficiency are
studied here.

Effects of pressure drop of exothermic reactor on system performances
(COP and thermal efficiency) are shown in figure 9.2. COP decreased with
pressure drop of the exothermic reactor. This is because exhaust pressure of
the compressor increases with the pressure drop, and energy consumption

increases with the pressure.

In this process the effect of the pressure drop of endothermic reactor on

the performance were negligible, since inlet pressure of the endothermic
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reactor, which is reaction pressure plus pressure drop, can be controlled by
the pump, which is located after high pressure separation drum, from 2.0
MPa to 0.1 MPa. On the other hand, the size of the endothermic reactor
tends to increase with pressure drop.

From the view point of system performance and reactor size, tube wall

reactor which has low pressure loss is suited for the CBH-CHP system.

2.2 Reaction pressure of exothermic reactor

Figure 9.3 shows the effect of pressure of exothermic reaction on
system performance. The temperature of exothermic reaction was 623 K.
Conversion of endothermic reaction was assumed to be chemical equilibrium
conversion. The result of the simulation was that the COP showed a peak at
1.4-1.6 MPa.

At low pressure, compression work of unit volume is small but total
mole flow rate is large, because equilibrium conversion is low. Therefore,
total compression work is large and the COP is small. At high pressure, total
mole flow is small, since equilibrium conversion is high, but the compression
work per unit volume is large. Then, total compression work increased and

the COP decreased. Therefore, the optimum pressure of exothermic reactor
was 1.6 MPa.

2.3 Reaction conditions of endothermic reactor

The effect of pressure of endothermic reactor on system performance is
shown in figure 9.4. Conversion of output of endothermic reactor was
assumed to achieve equilibrium. The COP increased slightly with the
decrease of pressure of endothermic reactor. It was not desirable to keep the
reactor pressure low, because the reactor volume increased linearly and the
increment of COP was lower than 2.

If a membrane tube which separates generated hydrogen is installed in

the endothermic reactor, cyclohexane dehydrogenation can progress

irrespective of the equilibrium. Figure 9.5 shows the relationships between

CHAPTER 9 PERFORMANCE OF CBH CHEMICAL HEAT
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the conversion of cyclohexane dehydrogenation and system perfonnanqe.
The performance under equilibrium conditions is low, the COP is 0.9 and the
thermal efficiency is 0.12. But, beyond the equilibrium, if the reaction
progresses up to 40 mol%, COP increases to 4.3 and thermal efficiency also
increases to 80 %. Therefore, an endothermic reactor with the hydrogen
separation function (a membrane reactor) is necessary to realize this CBH-

CHP process.

2.4 System performance under heat storage or heat release

Operation conditions of both reactors were determined by the
calculation results above-mentioned. The conditions are as follows:

1) Pressure of endothermic reaction was 0.1 MPa

2) Dehydrogenation conversion was 40 mol%

3) Pressure of exothermic reaction was 1.6 MPa

4) Hydrogenation progresses to the equilibrium conversion.

The state of heat storage If hydrogen is purged out from the process
by SID24, benzene hydrogenation in the exothermic reactor is controlled,
then concentration of benzene in the process increases. In this condition,
endothermic reaction heat at 473 K produces chemical substances such as
benzene and hydrogen.

The state of heat release On the other hand, if hydrogen 'is

introduced into the process by SID25, benzene hydrogenation in the
exothermic reactor progresses at 623 K, then benzene concentration is
decreased.

Therefore, benzene concentration is an important factor to know
whether the process is in a state of heat storage or in a state of heat release.
Figure 9.6 shows system performance changes with concentration of
benzene at the inlet gas of endothermic reactor. COP and thermal efficiency
are almost constant in spite of benzene concentration. This is because
unreacted hydrogen is separated after the exothermic reactor and cyclohexane

dehydrogenation can take place in a high benzene concentration. Therefore,
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the system performance is high, both in the state of heat storage and heat 1) Heat output capacity shows the lowest point at 60 kW. After that it
release. increases rapidly and is steady at 100 kW after 12 time constants.
2) There is an immediate sharp increase of benzene concentration. The rise
2.5 Process dynamics of CBH-CHP cycle brings the benzene concentration to 60 mol% after 12 time constant.
5 Dynamic change of CBH-CHP between the state of heat storage and the 5 3) Heat input capacity decreases slightly.
state of heat release were calculated. After 12 time constants, this CHP shows dynamic steady state under benzene
concentration is 60 mol% and hydrogen mole flow is 0.5 mol/s. This time
1) Heat release operating mode constant is 12 times longer than that of heat release operating mode, because
Figure 9.7 shows the transient state of heat release operating mode by hydrogen is separated after exothermic reactor and some hydrogen is
10 introducing hydrogen into the process via SID25. Initial concentration of 10 consumed for benzene hydrogenation. It is possible to shorten the time
benzene at SID1 is 60 mol% and initial mole flow of benzene 1s 0.5 mol/s. constant by separating hydrogen at hydrogen separator of endothermic
Effects of hydrogen mole flow on concentration of benzene, heat input reactor.
capacity of endothermic reactor and heat output capacity of exothermic
reactor are shown in this figure. Benzene hydrogenation regresses due to an 2.6 Operating parameters for heat storage and heat release
15 excess of hydrogen, and the following are shown: 15 It is shown that the flow rate of hydrogen can control the state of heat
1) Heat output capacity shows the highest point at 230 kW and there is a storage or heat release as I have been describing. Under dynamic steady
rapid fall to 100 kW state, effects of total mass flow and hydrogen mole flow on the heat output
2) Benzene concentration falls right down from 60 mol% to the lowest capacity and benzene concentration were calculated in figure 9.9. Total
point of 10 mol% after 1 time constant. mass flow is controlled by the pump and the compressor which are located
20 3) Heat input capacity increases slightly. 20 after the endothermic reactor. The hydrogen mole flow is controlled by the
After 4 time constants, this CHP shows that dynamic steady state under compressor which is placed after the exothermic reactor. It is possible to
benzene concentration is 10 mol % and hydrogen mole flow is 3 mol/s. keep the heat output constant by controlling the hydrogen mass flow when the
concentration of benzene at SID1 is between 2 mol% and 10 mol%. When
2) Heat storage operating mode the concentration of benzene is between 20 mol% and 90 mol%, it is possible
25 Figure 9.8 shows the transient state of heat storage operating mode by 2 to keep the heat output constant by controlling the total mole flow. In
releasing hydrogen via SID24. Initial concentration of benzene at SID1 and practical use, the concentration of benzene is considered between 10 mol%
initial mole flow of hydrogen at SID20 are 10 mol% and 3.5 mol/s, and 80 mol%, and controlling of total mass flow is required.
respectively. Effects of hydrogen mole flow on concentration of benzene,
heat input capacity of endothermic reactor at 473 K and heat output capacity
30 at 622 K are shown in this figure. Benzene hydrogenation is controlled by 0
the shortage of hydrogen, and the following are shown:
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pressure drop of reactors. Tube wall reactor whose pressure drop is
negligible is needed for the chemical heat pump.
10 10
2) A new flow sheet for the CBH-CHP process was proposed. This new
process installed two flashes to separate hydrogen. The system storages
waste heat at 473 K as benzene and hydrogen. The system releases heat
at 623 K by benzene hydrogenation. This process shows constant high

15 performance under both heat storage and a heat release operating modes.

3) Dynamic change between the heat storage operating mode and the heat
release operating rate was studied. It is shown that the flow rate of

hydrogen can control the state of heat storage or heat release.

20
4) Operating parameters for heat storage and heat release mode were
studied. Under dynamic steady state, effects of total mass flow and
hydrogen mole flow on the heat output capacity and benzene
concentration were calculated. When the concentration of benzene is
25 between 20 mol% and 90 mol%, it is possible to keep the heat output

constant by controlling the total mole flow. In practical use, the

concentration of benzene is considered between 10 mol% and 80 mol%

and controlling of total mass flow is recommended.
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CHAPTER 10 CONCLUSIONS

1. CONCLUSIONS

Main purpose of this doctor thesis is preparation of plate type catalyst
and design of tube wall type reactor for practical use of the CBH-CHP.
Preparation of plate type catalyst, design of tube wall reactor and advanced
process flow of CBH CHP system were studied. Followings have been

studied in advance of practical usage of these technique.

PART 1 REPARATION OF THE PLATE TYPE CATALYST
Preparation method, effectiveness factor and durability of plate
type catalyst were studied in Chapters 2-5.

Chapter 2 The Preparation Method Of The Plate Type Catalyst
Using Chromic Acid

A thin-layered catalyst supported on a metal plate is one of the ideal
types of catalysts, making it possible to design a compact reactor. A reactor
equipped with this type of catalyst can serve as a heat exchanger since the
catalyst is expected to exhibit high thermal conductivity and low pressure
loss. A PUAI;O3/Al plate type catalyst was prepared by anodic oxidation
(AO) of a commercial aluminum plate, followed by hot-water treatment
(HWT) in chloroplatinic acid solution. ~Alumina layer as catalyst support is
produced by AO and the BET surface area of the alumina is increased, and
simultaneously Pt as a catalyst species is impregnated by HWT. The
conditions for preparing a catalyst film of any thickness under 30 ym were
established. The amount of Pt supported per BET surface area of alumina
was 170-180 ug/m2, which corresponds to 3 wt% of alumina, and the

dispersion of Pt was around 0.5, regardless of the thickness of the alumina

film. Catalyst with 30 ym of alumina film showed a constant reaction rate

per apparent surface area of 3.5 mol/(hm2) for cyclohexane
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dehydrogenation at CgHj2/N2=1/10, 1 atm and 473 K for 130 hours. large effective diffusion coefficient due to a large pore radius.
Chapter 3  Preparation Method Of The Plate Type Catalyst
Using Oxalic Acid Chapter § Deactivation And Durability Of The Plate Type
5 The purpose of this chapter is to explain preparation of a plate type 5 Catalyst
catalyst with high catalytic reactivity for utilization. The preparation method The cyclohexane/Benzene/Hydrogen chemical heat pump system has been
of the plate type catalyst was examined by using oxalic acid solution for proposed to store and upgrade waste heat. In this system, it is required that
anodic oxidation (AO). In AO process, an alumina layer with more than 350 catalysts have high heat transfer performance, high selectivity and long
um in thickness was formed. Porosity of the alumina layer was increased to lifetime in the endothermic and the exothermic reactor. In this chapter, the
10 0.79 by pore widening or a long period of anodic oxidation. Impregnated 10 catalyst deactivation mechanism of PUAI2O3/Al plate type catalysts in the
platinum within the anodized alumina layer increased with the porosity. The endothermic reaction is studied. The main cause of catalyst deactivation was
maximum content of platinum per apparent surface area was 15.8 g-Pt/m2 fouling by carbonaceous deposits. Sintering, migration and loss of active
and this was 5 times larger than the previous catalyst. Platinum dispersion of species were not observed. The reactivity of a refreshed catalyst was as high
each catalyst was about 0.5. Reactivity of cyclohexane dehydrogenation as for fresh catalysts. The proposed model of catalyst deactivation matched
15 increased with catalyst content. The highest reactivity after 20 h was about 15 the experimental results well. In the model, the carbonaceous deposits
12 mol/(h'm2) and this was 3 times as high as the previously reported narrow the micro pores, and the mass transfer of the reactants into the
catalyst. It was clear that the reactivity achieved the target reactivity. catalyst pores becomes rate controlling. Then, the reaction rate goes down
with the reaction time. In the long-life test of a tube type catalyst, the catalyst
Chapter 4 Effectiveness Factor Of The Plate Type Catalyst showed a steady reactivity during the reaction time from 50 h to 200 h, but
20 The effectiveness factor of the PUALOs/Al plate type catalysts were 20 deactivation gradually proceeded to reach the value of 40% reduction of
studied theoretically and experimentally. The investigated PUA1O3 catalyst steady reactivity after the reaction time of 1000 h.
layer, which was prepared by anodic oxidation and followed hot water
treatment, had a porous structure and a narrow pore size distribution. i s
GN OF THE WALL TYPE REA
Porosity of the catalyst was about 0.5 and the mean of the pore radius was RakRe DS
i T 55 Mass transfer in the tube wall reactor, simulation of tube wall
25 about 2 nm. Reaction rate of the cyclohexane dehydrogenation increased R ordl
. . e 1 d performance of the tube wall reactor were studied 1n
with thickness of PUAl;Os3 catalyst layer but it raised to a péak because docaai o Ladicg
$ e Chapters 6-8.
diffusion of reactant into the catalyst layer was the controlling step and the
effectiveness factor decreased with the thickness. The reaction rate is .
Chapter 6 Mass Transfer In Tube Wall Reactor Developing
governed by the effective diffusion coefficient and the reaction rate constant.
30 Laminar Flow
30 The reaction rate constant can be improved by augmentation of the Pt content _ . : : . L
A : 3 : ) Radial mass transfer is experimentally studied while developing laminar
and Pt d1§pemlon. The reaction rate constant will be also improved by a e G W e T T
179 180
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decided by radial mass transfer in boundary layer and catalytic reaction rate.
The radial mass transfer was controlling the total reaction rate at low space
velocity under 3000 hl. To cancel the mass transfer's control, it is
important to decrease the thickness of boundary layer. Static mixers were
inserted in the tube wall catalyst. The results of this showed that the static

mixers accelerate mass transfer and reaction rate is controlling step at low

space velocity.

Chapter 7 Simulation Of Tube Wall Reactors

Feasibility study of tube wall reactor was undertaken using simulation.
In a tube wall reactor, endothermic or exothermic reaction takes place with
the reaction heat recovered or supplied simultaneously through the reactor

wall. The reactor wall is expected to be made of PUALOs/Al plate type

catalyst with high thermal conductivity.

Reaction mechanism of dehydrogenation of cyclohexane was discovered.
This reaction rate was controlled by adsorption rate of cyclohexane molecules
to catalyst sites. Using the equation of this reaction rate, conversion and
temperature distributions in tube wall reactor and in fixed bed reactor were
calculated. Temperature and conversion distributions in the tube wall reactor
are narrower than in the fixed bed reactor. The wall type reactor is
preferable for use in chemical heat pumps.

It was showed that a compact tube wall reactor was able to be designed
by reducing the diameter of the reactor tube and by increasing catalyst
thickness.

In some cases, there is no need for a feed preheatel_' for tube wall

reactor. This affords cost down and flexibility for process design.

Chapter 8 Design and Performance of Tube Wall Reactors

The cyclohexane/benzene/hydrogen chemical heat pump (CHP) cycle is a
hopeful way to back up the UT-3 system or the WE-NET system for heat and
hydrogen storage. To realize the CHP system, a tube wall type reactor

181
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(TWR) has been proposed to transform thermal energy into chemical energy
efficiently. The catalyst volume in the TWR was 6 times smaller, and the
pressure drop was 100 times smaller, than those of a classical fixed bed
reactor (FBR). For reactor performance over 42 kW the TWR also became
smaller than the FBR. It will be possible to design a high performance TWR
by improving the reactivity. The catalyst layers have been formed on the
surfaces of fin-tube and fin-plate type heat exchangers.

PART 3 CHEMICAL HEAT PUMP SYSTEM WITH TUBE WALL
REACTOR
Performance of cyclohexane/benzene/hydrogen chemical heat pump
system including heat storage/release operating mode were studied.

Operating parameters were also studied in Chapter 9.

Chapter 9 Performance of Cyclohexane/Benzene/Hydrogen
Chemical Heat Pump With Tube Wall Reactors

The new process flow of the cyclohexane/benzene/hydrogen chemical
heat pump (CBH-CHP) system has been proposed. Tube wall reactor is suited
for the CBH-CHP, since coefficient of performance of the CBH-CHP is
diminished by pressure drop of the reactors. In the new process, conversion
of cyclohexane dehydrogenation in the endothermic reactor is an important
factor in the performance. When the conversion goes up to 40 mol%, the
thermal efficiency is 80 % and the coefficient of performance (COP) is 4.3.
In the state of heat storage by dehydrogenation of cyclohexane at 473 K,
concentration of benzene in the liquid line is high, on the other hand,
concentration is low under heat release at 623 K. The COP and the thermal
efficiency are stable under heat storage and heat release operating mode.
Heat storage and heat release mode were controlled by supply and elimination
of hydrogen from the system. The output of the CBH-CHP can be kept stable

by controlling total mass flow.
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In this part, studies on tube wall reactor and preparation of plate type
catalysts were reviewed.
5 1 Shapes of wall type reactors Gas  Sample
: 5 flow  plane
Some shape of wall type reactors have been proposed and studied for a '
2b
long time. Tube wall type catalyst is popular shape (Fig. 1a). Catalyst o n \ "7['3
layer was formed on the outside wall or inside wall. Analysis of mass i)_ ‘= 'S
transfer in the reactor has been carried out using this type of catalyst [1,5- / e
10 17,19,20,24-28,31-35,37-39,46-48,51,52,54,57,60]. In another cases, double i 560 @é 3 ' t\
tube wall type catalyst (Fig. 1a) [26,37,49] and duct type reactor (Fig. 2a) IL =
[2,39-42,45,53,55,56,61] were used to accelerate mass transfer. Inside i (D Reactor (@ Catalyst
surface of exhaust pipe of motorcycle (Fig. 3a) [36] and the surface of fin- @) Sample port
tube, fin-plate (Figs. 8.7, 8.9) [2,41], plate [22,23.30] and another types
15 [43,44] can be catalyzed. Then, kinds of reaction and reaction conditions is Figure 2a  Illustration of duct type reactor
important to select a kind of tube wall reactor.
15
20
. A\ 20
.0 . @ )
f‘:;'cmw Catalytic coating on the inner woll of the
Lominar empty tube, Groetz problem coating external fube EXT
25 g e S 3 $X% =
\ A st Tz
Q) ) FoPK Cret et
Q] il L TH/—2 b IORBA—F 4 ¥
/ L7-%i%
Catalytic coating on both outer and inner woils
m&mmmmwldm EXT + INT %
Annuar reoctors i ’
Figure 3a  Photograph of spray catalyst which is formed on
Figure 1a  Illustration of tube and annular reactor L :
] inside surface of exhaust pipe
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Mass transfer in tube wall reactors

Studies on mass transfer in tube wall reactors were classified in three

parts.

11

111

Theoretical analysis of mass transfer in tube wall reactors
The first scholar to give much attention to mass transfer in tube wall
reactor was Damkohler [12]. Baron [5], Kasaoka [34], Katz [35], Lupa
[37] Johnstone [29] Siegel [50] and Satterfield [46] were studied on mass
transfer in the tube wall reactors theoretically. ( - 1960 s)

Experimental analysis of mass transfer in tube wall reactors
Arashi [3,4], Field [17], Inoue [2728], Shitaokoshi [47] and Smith
[51,52] were studied of mass transfer in wall type reactors

experimentally including theoretical analysis. ( - 1980 s)

Design of tube wall reactors

Anikeev [2], Fukuhara [18], Kameyama [31-33] and Murata [39-41] were
studied design of tube wall reactor including theoretical and
experimental analysis. They also studied on preparation method of

catalyst layer on the surface of reactor wall.

Preparation methods of wall type catalysts
In this part, preparation methods of wall type catalysts were reviewed.

Galvanizing of catalyst metal

This is popular method for preparation of wall type catalysts. Catalyst
species such as Ni, V, Cu can be formed on surface of metal wall
[1,2,17-20,27,28,34,44,51,53,54]. Catalyst species for this method were

limited. Thickness of the catalyst layer is up to several micro meter. In

191

20

I1

ITI
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the case of Ni as catalyst species, BET surface area was 60 m2/Ni-g.
(Figure 4a) This method has critical defects of low surface, reactivity

and omission of catalyst.

Spray or coating of catalyst on reactor wall

Spray or coating method [3,4,21,36] has some merits. Any catalyst
species can be used by this method. Any shapes of reactor tube can be
used. But these methods have critical defects of low surface, reactivity

and omission of catalyst (Figure Sa).

Leaching of Raney alloy

Porous catalyst layer is prepared by leaching of raney alloy. Ag [8], Ni
[55,56] can be prepared on the surface of the reactor wall. BET surface
of prepared catalyst was about 60 m2-BET/g-Ni. It is possible to
prepare a catalyst with bimodal pore structure by optimizing the
composition of alloy (Figure 6a). In this method, it is difficult to form
catalyst layer on surface of several shapes of reactor wall and catalyst

layer is detached from metal body easily.

Ni_Pparticles

Figure 4a Photograph of prepared catalyst by galvanizing
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