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CHAPTER 1 INTRODUCTION A'!II'l) BASIC CONCEPTS 

1 BACKGROUND 

New energy sources must be developed in response to growing worldwide demand 

for energy叩 dm如、commitmentto the environment. Since it is impossible to satisfy 

all energy demand with new energy sources immediately， new systems of highly 

efficient凶 eof fossil energy must be develoμd. 

o The Japanese “HEA T PUMP TECI-卦~OLOGY CENTER" reported recently出at

5 

w 

25 

30 

conventional heat pumps can save about 1 % of the totaJ energy consumpuon m 

JAPAN. To reduce energy consumption still more， new h回 tpump systems， suchぉ

chemica1 heat pumps， are nぽ ded.

Chemica1 heat pumps are one new system for highly efficient use of energy. 

Chemica1 heat pumps transfer solar energy， geothermal heat and thermal waste heat 

into chemica1 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 pr，∞esses which use exか andendothe口nicreverse 

chemical reactions. The chemical heat pumps can store industrial waste heat or natural 

heat such as sol訂 energyand upgrade such heat by raising the temperature. 

These pr∞esses are useful， since they enable凶 to:

1) Use energy highly efficiently 

2) Control working temperature easily， and 

3) Store and transpo目 energyin the form of stable chemica1 substances without 

energy loss 

Therefore， the early realization of their practical use is expec包din the fields of large 

2 
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5 

scale industries and energy u鈎 ge.

M釦 ykinds of reactions are∞nsidered f or chemical heat pumps: 

1) Hydrogenation， isomerization and hydration 

2) Adsorption of condensed vapor by liquids and solid salt 

3) 恥也氾ngof different species of liquids 

4) Adso中tionof gas into poro山 m砥erial

5) Hydrogenation of metal 

6) Formation of c1athrate compounds 

10 Each reaction has common problems of a way to supply reaction heat efficiently. 

15 

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

Isoprop釦 ol/AcetonelHydrogen(IAH) cyc1e and Cyc1ohexanelBenzene/Hydrogen 

(CBH) sys旬mare types of chemical heat pumps using org叩 icsubstances. 

lAH cyc1e with reaction ∞uple of isopropanol dehydrogenation and acetone 

hydrogenation has been proposed (Figure 1.1). Fundamental studies suchぉ ω凶 yst，

reactor， efficiency etc. have been undertaken at Saito laboratory at Tokyo Science 

university and Kameyama laboratory at TOKYO Univ. of Agri. & Tech. Recently， a 

bench-sca1e plant wぉ constructedby JGC∞中orationunder contract f rom NEDO 

(Figure 1.2). 

CBH system with reaction couple of cyclohexane dehydrogenation and benzene 

hydrogenation has been also proposed (Figure 1.3)・ Feasibilitystudies have been 

done in some laborョtories，but fundamental study has been undertaken at Kameyama 

lab. at TOKYO Univ. of Agri. & Tech. 

20 

25 

30 

(3) CyclohexanelBenzenelHydrogen 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瓜m.The system is hopefully a way to realize efficient use of many kinds of 

waste heat such as; 

1) Thermochemical hydrogen production prl∞ess 

3 
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2) Me出anolfuelcel1s

3) Several technologies using sunshine. 

The reaction couple is expressedぉ equation(1.1). 

5 

C~6 + 3H2 ~ CtJl12 + 206 kJ/mole 、‘，，
.•••. 

• '
E
A
 

，，.、

10 

Several appliωtions of CBH chemical heat pump have been proposed. 

1) Back up system for the UT -3 therm∞hemical hydrogen prlα;essぉ aheat and 

hydrogen storage sy抗em(Figure 1.4) 1 S). 

2) Utilization for the world energy network (WE-NEf) system that transports 

hydrogen produαd elsewhere to Japan. 

3) Combination of IAH cycle and CBH cyc1e. Here it would be possible to raise the 

temperature level of heat， available at 353 K， upωa temperature of about 623 K 

(Figure 1.5). 

4) Back up system for fuel cellぉ aheat storage sys旬m.

15 

20 

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，出eendothermic or exothermic reaction takes plωon the 

catalyst wall. The reaction heat is recovered and supplied simultaneously through the 

reactor wall without exergie loss. 

In the wall type reactor， ca凶 ystlayer is f 0口nedon山esurface of the reactor wall. 

The following are requirements of the ca凶 ystto crωte this reacto仁

1) High thermal conductivity to avoid exergie loss 

2) High ca凶 yticr回 ctivityto achieve small sized reactor 

3) High se1ectivity for reaction， for high efficiency of the CHPs. 

4) High durability叩 d伺 syreactivation， for low running∞st of the CHPs 

5) T echnique to prepare v訂iousshapes of the catalyst， to make wall type reactor 

f rom commercial heat exchangers 

25 

30 
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Many techniques have been propo回dto prep訂 ea catalyst layer on出ereactor 

wall. These are ; 

1) Spray or coating of catal yst on r回 ctorwall 25)2)3) 

2) Galvanizing of catalyst metal 18) 

3) Leaching of Raney alloy 28)29) 

4) Anodic oxidation and hot wa民rtr，ωment method 19) 22) 

ahead of practical usage of由民民chnique:

1) Development of prep副泊on包chniqueof a plate type catalyst by the com bination 

of anodic oxidation of commercial aluminum plate of 99.5% purity and successive 

hot wa也rtreatment. 

2) Prevention of deterioration of catalytic r伺 CtJVlty.

3) Development of ca凶 ystsin shape of tube-wall， fin-tube and plate-fin reactors. 

4) Examination of perform叩 ceof the tube wall rωctor，∞mpared with that of a 

fixed bed reactor， by calculating句m戸ratureand conversion distributions inside 

the reactor. 

5) Proposal of improvement of pr，α;ess flow and operating conditions for heat 

storage/release operating mode. 

5 

ou 
---A 

These meth吋 s，except the anodic 0氾dationmethcxL have critiω1 defects of low 

rωctivity and omission of catalyst 

In this thesis， anodic oxidation and hot water trl回 tment19)31)14) is adoptedぉ出e

prep訂説ionmethod of the plate type catalyst 

。

15 

1.3 Anodic oxidation 23)24)26)27) 

Anodic oxidation of aluminum Is widely known and applied in many訂回Sof 

surface treatment for; 
5 3 ORIGINALITY 

1) Stabilizing or coloring the surface 

2) Creating non-conductive film of electrolytic capacitor 

3) High-density magnetic film for data storage 
( 1) Preparation method of plate type catalyst 

Preparation conditions of PtJAhD.3/Al plate type ca凶 ystwith high reactivity were 

established. Ca凶 ystthickness more th叩 3∞μmand porosity up to 0.7 were possible， 

by controlling出icknessand porosity of anodized alumina layer. 
20 Yamada et. al. have reported the effect of anodic oxidation on controlling porosity 

ormo中hologyof alumina. They also studied ca凶 yticreactivities of the alumina layer 

stripped from the aluminum plate. 

Heat conductivity of由isanodized aluminalaluminum catalyst is ten times higher 

th組 conventionalalumina pelletω凶 yst19)31). It is戸 ssibleto use commercial 

aluminum and aluminum and stainless clad plate as base material12)13)・

(2) Durability of plate type catalyst 

Quality analysis of plate ty戸 catalystunder cyclohexane dehydrogen剖lonwぉ

∞nduc民dand deactivation model was proposed. Long life test up to 1α泊 hwお

studied using integral reactor. The conversion change with time wぉ illustratedusing 

出ismodel. 

n
u
 

.，，， 

25 
25 

2 PURPOSE 
(3) Design of plate type catalyst 

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

typeω凶 ystlayer were proposed. The optimum thickness depends on r'回 ctlOn

conditions and kind of reaction. 

30 Main purpose of this thesis is preparation of plate type catalyst and design of tube 

wall type r回 .ctorsfor practical use in the CBH・CHP. The following require study 
30 
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( 4) Design of tube wall reactor 

Mass transfer in tube wall reactor developing laminar f10w was experimen凶 ly

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

Optimum design of tube wall reactor， demonstrating both small and large duty， wお

proposed. 

incl uding heat storage/release operating mode are studied. Operating 

parameters are also studied in Chapter 9. 

Chapter 10 Conclusions 

Conclusions of each chapter and lists of published papers and presentations 

訂 'eshown. 

n
u
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(5) Improved proce回 sowand operating conditions 

Improvement of the pr'α沼ssf10w of CBH-CHP bringing tube wall reactor into f ull 

play is proposed. Operating cond.itions for heat storage or release operating mode are 

also proposed. References 

。
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Chapter 1 Introduction and Basic Concepts 

Background， purpose， originality and structure of this d∞tor thesis are 

wntten. 20 

Part 1 Preparation of Plate Type Catalysts 34)35)36)37)41) 

Preparation method， effectiveness factor and durability of plate type catalyst 

are studied in Chapters 2・s.
25 25 

Part 2 Design of Wall Type Reactors 38)39)40) 

Mass transfer in the tube wall r伺 ctor，simulation of tube wall reactor and 

perfo口nanceof the tube wall reactor are studied in Chapters 6-8. 

30 Part 3 Chemical Heat Pump System With Tube Wall Reactors 
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30 
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CHAPTER 2 THE PREPARATlON METHOD OF THE PLATE TYPE 

CATALYST USING CHRO恥UCACID 

INTRODUCTION 

5 

In the fixed bed reactor， it is difficult to keep reaction臼mpera知rethe 

same throughout the radius. This is because thermal conductivity of packed 

ω凶 ystis low and contact thermal resistance of ca凶 ysぉ islarge. The 

distribution of reaction temperature in radius， which is called hot spots in 

ωse of an exothermic reaction， causes side reactions， diffic凶ty in 

controlling the reaction and darnage of the catalyst. 

To dissolve the weak points of the fixed-bed reactor， plate type ca凶 yst

whose ca凶 ystlayer is directly formed on the rnetal body of reactor wall is 

proposed (s閃 Figs8.7， 8.9 p.159) 3). A reactor equipped with this type of 

ω凶 ystis called a wall句ド r回 ctor. In the wall type rぬ ctor，distribution 

of reaction temperature is not observed， due to its high thermal conductivity 

1). The wall type r切 ctorcan serveぉ aheat exchanger， since the catalyst is 

expected to exhibit high thermal ∞nductivity and low pressure loss. 

Other prep訂 ationmeth叫 sof plate typeω凶 ysthave been reported， 

such as anodic oxidation method， spray me出od，galvanizing me出odand 

leaching method of Raney alloy. The rnethods other山ananodic oxidation 

have a fatal defect， i.e. the ca凶 yticreactivity is low and the ca凶 ystlayer is 

detached f rom metal加dy回 sily.

APνAhU31 Al plate typeω凶 ystwas prep訂 edby an叫icoxidation 

followed by hot water treatment and calcination of a commercial aluminum 

plate. Al umina ca凶ystsupport is produced by an叫icoxidation and 

subsequent hot water treatment which impregnates pt as aω回lysts戸cies.

BEf surface area of the alumina layer is increased by calcination after the 

hot water treatment. Thisω凶ysthas high thermal conductivity and the 

ω凶 ystlayer did not detach from the metal body after a long period of 

reaction tesl A r伺 cωrequipped wi白血istype of catalyst can serve as a 

heat exchanger due to出ehigh thermal conductivity and low pressure loss. 

The basis for the production of plate type ca凶 ystwas established as 

n
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CATALYST USING CHRo閲 CACID 

CHAPTE.R 2 THE P.REPA.RATION METHOD OF THE PLATE TYPE 

CATALYST USING Cu.RO閲 CACID 

5 

followings 1)2)4)5)9). 

1) Development of the prep訂ationmethod by the combination of 

anodization of a1uminum plate of 99.99 % high purity and successive 

hot water treatment (HWT). Ma泊mumthickness of cata1yst layer was 

10μm. 

2) Development of a cata1yst in the shape of aωbe with spiral plate inside 

f or the exotheロnichydrogenation of benzene， using commercial 

a1uminum. 

The hot waほrtreatment w，ぉ conductedin H2PtC~ 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 wt9もKClsol ution at rl∞m 

temperature for 20 min and rinsed with deionized water again. Then， the 

plate was dried at r∞m temperature and出encalcined in air at 623 K for 1 

h. 

5 

1.2 Characterization of the catalyst 

10 

ln this chapter， the best conditions for cata1yst preparation using 

chromic acid for anodic oxidation are identified. 
nu 

(1) Thickness of alumina layer 

ISOSCOPE恥1P-2(Helmut Fischer) was used to mωsure the thickness of 

alumina film. 

1 EXPERIMENT AL (2) BET s町 facearea 

The surface area and pore size distribution of the catalyst were determined 

with BET app訂 aωs.

15 1. 1 Preparation of the catalyst L5 

20 

(1) Anodic oxidation (AO) 

The experimenta1 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 (刀S

AI050: 99.5 % in purity， 0.3 mm in thickness). A piece of the plate (仕om

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%印ぜ03for 1 min.， successively. The 

plate was組 odizedin 2.5-4.0 wt% of chromic acid aqueousωlution at 

current densi ty of 19・2∞oA/m2， at 283-313 K and for 2・24h with ∞pper 

plateぉ cathode.The anodized plate was rinsed with wa民r，and then dried 

at 623 K for 1 h. 

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

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

microanal yser (X恥1A).

w 

(3) Platinum content 

Quantity of platinum content wぉ measured by atomic absorption 

spectroscopy (Shim位 uAA-俗 0).

(4) Platinum dispersion 

Platinum dispersion wぉ determinedby CO pulse method 8). 

25 

30 

(2) Hot water treatment (H羽マ)

1n this prl∞ess， platinum is impregnated in the alumina layer by hot 

water treatment. The experimenta1 apparatus wぉ shownin figure 2.2. 

1.3 Measurement of catalytic reactivity 

1n this study， we evaluated ca凶ytic rl回 ctivity by cyclohexane 

. dehydrogenation which is used for endothermic reaction of CBH-CHP 4). 

30 
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CHAPTER 2 THE PREPARATION METHOD OF THE PLATE TYPE 

CATALYST USING CHRO恥sCACID 
CHAPTER 2 Tm: PREPARATION MEmoD OF THE PLATE TYPE 

CAT ALYST USING CHRO阻 CACID 

The chemical reaction is expressed in equation(2.l). 

2.2 Conditions of anodic oxidation 

473K 

C6ii12 + 206 kJ/moleφ C6ii6 + 3H2 (2.1) 
(1) Purity of aluminum 

Effects of aluminum purity on出ephysical properties of cata1yst and 

the catalytic 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-A 1050). Plate type cata1ysts were prep訂 edunder 

出esame 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: 

5 

5 The flow type reactor (figures 2.3， 2.4) wぉ usedas a differential 

reactor. 0.1・0.15g 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叩 dreduction in 

hydrogen str，回m 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 cata1yst 7) is diluted by ni甘ogen(dilution 

ratio wぉ 10) flowed at a ra旬 of7.5 mトcyclohexanelh and 出e

concentrations at inlet and outlet gases of the reaction tube ¥¥ere determined 

with GC equipped with FID (Shimazu GC-8A). 

Table 2.1 Pby話回1properties of αtalysts prepared by using high 

15 purity alumina and commercial alumina 

nu 
--且

10 

15 

2 RESULTS AND DISCUSSION 

Cat (a) (b) 

Alpurity 99.99% 99.5%(JIS A-I050) 

AO condition Cr 2.5 wt%， 303 K， 12 h 

HWf condition 1.0 g-Pt!L， 353 K， 2 h 

Thiclmess of Al2U3 20μm 10μm 

R.F. 11500 6700 

pt contents 1:72 gjm2 1.1 gJm2 

pt dispersion 0.72 0.51 

pt訂 ea 1.24 gJm2 0.56 gJm2 

20 2.1 SE時fanalysis of prepared catalysts 

Figure 2.5 shows SEM analysis of cross section and surface of 

anodized alumina layer and following hot water甘伺tment. Alumina layer 

with 10μmwぉ formedon the bo出 sideof aluminum layer. 

After anodic oxidation， pores more出an50 nm in radius were formed. 

Roughness factor ( RF=BET surface area I apparent surface紅白)was about 

450-7∞[BET -m2/m2]. After hot water treatment and calcination， the po陀

radius changed to about 2 nm and BEf surface紅白 incr，回sed. Roughness 

f actor increased more th叩 10α刃[BEf-m2/m2]. Platinum impregnated 

within the porous alumina layer and PtlAlumina ca凶 ystlayer was f ormed. 1) The thickness of ca凶 ystlayer using high purity aluminum was 20μm 

25 
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which was two times thicker th叩 thatof commercia1 aluminum. It hぉ

been reported that the purity of aluminum affects the thickness of 

anodized alumina layer 6). Therefore， impurity in the a1uminum is 

expec臼dto prevent anodization. 

5 5 

(3) Temperature and oxidation time 

Figure 2.8 shows a change in thickness of alumina layer at 1:2 h of 

anodization， according 10 temperature of the electrolyte bath. The 

temperature wぉ changedbetween 288 K and 311 K. The thickness showed 

a peak of 20μm 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 increぉedwith time 

at first，出enkept a constant value related to血etemperature. The ∞nstant 

value shows出at出erates of production and dissolution of the film are kept 

equal at出attemperature. The maximum thickness at 303 K and 293 K 

were 10 and 30μm， respectively. 

2) Roughness factors of each ca凶 ystwere proportional to the thickness 

of the ca凶 ystlayer in spite of the purity of a1uminum. This m伺 ns

the RF per uni t vol ume is出e回rneand the struc加reof the cataJ yst 

layer is considered to be also the鈍 me.

nu 
'・A 10 

3) Platinum content per unit RF of each catalyst is the鈍 meand it seems 

that chemical properties of the catalyst prepared using commercial 

aluminurn are the鈍 rneas that p陀 paredusing high purity aluminum. 

15 4) Ca凶 yticreactivity is proportional to出eω凶 ystcontent and the 

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

15 

( 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 wぉ

calc叫atedas about 1.58μm/h. Theref ore， in the釦叫icoxidation， 

generated alumina layer is dissolved into chromic acid. 

20 

The purity of aluminum has an effect on the thickness of anodized 

alumina layer but it hぉ noeff ect on theωtalyst content and the ω凶 ytic

reactivity. To uti1ize the plate type ca凶 yst，it is necessa巧， to _use a cheap 

material like commercial aluminum. Therefore， 1 used commercial 

aluminum and studied preparation conditions of the plateザpeωtalyst，

prep訂 edby anodic oxidation and hot water trωtment. 

初

25 (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 densi ty wぉ 19A/m2 and anodized time was 12 hr. It is clear that 

the thickness of alumina layer is i汀elevantto the reactivity. In this work， 

chromic acid solution of 2.5 wt% was used， to keep∞s1 minimal f or waste 

water町eatmentand electrolyte. 

25 

(5) Optimum temperature for anodic oxidation 

It has been observed in the preceding that equilibrium thickness of 

alumina layer was decided by' tempera1ure of electrolyte bath. This 

considers出atequilibrium thickness was determined by the balance of 

generation and dissolution rate of alumina layer. To form a thick alumina 

layer efficiently，民mperatureat which thickness of a1umina layer per unit 

electricity is maximum is considered 10 be the optimum旬mperature. The 

generation rate of a1umina layer at 298 K・303K was calculated as 1.5μm/h 

from figure 2.8. Figure 2.8s shows the thickness of alumina layer per 12 h. 

From出isfigure， the genera1ion rate at 298 K or Iess is caIculated as 1.5 

μm/h or less. Therefore， optimum temperature， at which generation rate 

and equilibrium thickness are large， is 298 K. 

30 30 
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(6) Current density 

The effects of cuπent density on the anodized alumina layer are 

studied here. Under high current density， bum out of the surface of 

alumina layer wぉ observedat over 1∞V. This bum out wasωused 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 

preparl凶 undernormal conditions showed剖no中housalumina which wぉ

the路 meぉ Inoue'sreport 2).α1 the other hand， bumed out alumina layer 

showed y alumina戸akby XRD analysis and the structu問 Wぉ qui臼

diff erent f rom anodized plate which is prepared under normal condi tions. 

1 t seems reasonable to suppose出atthe bum out causes the change of 

structure of anodized alumina layer. 

Figure 2.13 shows how thickness of alumina layer changes with 

cu汀entdensity up to 1α)() 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 wぉ generatedf rom anode 

and cathode increased with current density. Thus， it is considered that 

electric quantity supplied to the anode wぉ consumedfor electric discharge 

and electrolysis of water under high current density. 

ldeal catalyst support is porous and thick. Thus，釦odicoxidation 

should be operated at under 1∞V with the optimized current density 20 

A/m2. 
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2.3 Hot water treatment and platinum content 

Hvdration of anodized alumina laver 

( 1) Roughness factor of alumina layer 

BET surface訂回 isincreased by hydration of anodized alumina layer 

and followed by calcination. The BEf surface area of the alumina pla胞

p陀 p訂 edby anodic oxidation， hot water tfi凶 tment釦 dcalcination was 

measured. Figure 2.15 shows roughness factor which is calcula記dfrom 

BEf surface area， and apparent surface訂 eachanges with thickness of 

alumina layer. 

(2) XMA analysis of cro路 sectionof alumina layer 

Figure 2.16 shows EPMA analysis of cross section of catalyst suppo口

layer which is prepared by加 odicoxidation， hot water treatment and 

calcination. The X axis shows length from the aluminalaluminum 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出estructure of 

alumina layer is not uniform and the bottom of alumina layer has high 

density. 

ImDre2nation of Dlatinum into anodized alumina laver 

(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 ∞ntent incr，伺sed

with e and the rise brings the platinum∞ntent to a maximum at e=4. 

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

24 
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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 

wぉ 20μm. Platinum content increased with time and the increment was 

large at high concentrations of platinum. After 3 h of hot water treatment， 

platinum content showed the highest point and血iswas unrela低dto出e

concentration of platinum. 

Figure 2.19 shows EPMA anaIysis of cross section of prepared 

ω凶 ys臼， catalyst (A) and (B) were prep訂 edby 1 h and 4 h of hot water 

treatment. After 1 h of hot water甘eatment，platinum was impregnated to 

the alumina layer uruformly， but the intensity of X ray was small， since 

platinum content wぉ small.

(5) Thickness of alumina layer 

Figure 2.20 shows effect of thickness of alumina layer on platinum 

∞n也nt.Thicknesses of aI umina layer used were 10μm，20μm and 30μm. 

Platinum concentration was 1.0 g-PtIL and treated time wぉ 2h. Platinum 

content increased with thickness of aIumina layer and was 2.9 g-PtIm2 at 30 

μm in thickness. 

Figure 2.21 shows EPMA analysis of cross section of prep訂d

catal yst of 20μm and 30μm thickness. Platinum was impregnated into the 

alumina layer unifo口nly. It was clear that the platinum content increased 

with thickness of a1umina layer. Platinum ∞ntent per urut BEf surface 

E回 wasabout 170μ8・Ptlm2・BET. Platinum content per urut weight of 

alumina layer was about 3 wt%.ー

Assuming that platinum particles were adsorbed to alumina layer by 

chemical potential (chemisorption)， the number of sites which platinum 

particles we陀 adsorbedto wぉ 出esame per unit volume of anodized 

alumina. From this assumption， platinum∞nten t per uru t surf ace area 

could be increased by thickness and BEf surface紅白 ofaI umina layer. 

There is r，∞m for further investigation. 
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2.4 Catalytic reactivity of plate type catalyst 

Prepared ca凶 ystswere evaluated by catalytic reactivity of cyclohexane 

dehydrogenation for endothermic reaction of cyclohexane/ benzene/ 

hydrogen chemical heat pump. Figure 2.22 shows ca凶 yticr，伺ctivity

change with time for 4 catalysts prepared. Catalyst (B) has 20μm thickness 

of aIumina layer叩 d凶sea1uminum is high purity， 99.999も. ca凶 yst(A)， 

(C)， (D) were prep訂 edusing commercial aluminum and have 10μm，20 

μm and 30μm thickness res戸ctively. Physical properties of prepared 

ca凶 ysts訂 eshown in table 2.1. Platinum ∞ntent increased with thickness 

of a1umina layer and platinum dispersion was almost the sarne， i.e. 0.4-0.5. 

The reaction ra旬 showeddynamic steady state after 20 h of reaction. The 

constant reaction rate after 20 h of reaction increased with platinum 

content The reactivity of (D) w創出reetimes as high as出atof (A). The 

S民adystate wぉ 3.5moI/(h・m2)釦 dit continued to 130 h of reaction. It 

wぉ clearthat catal戸icreactivity can be raised by preparing thick catalyst. 

CONCLUSIONS 

A thin-layered catalyst supported on a metal plate is one of the ideal 

types of ωtalysts which make it possible to design a compact r，伺ctor. A 

PtJAb匂 /Alpla旬 typeca凶 ystwas prep訂 edby anodic oxidation (AO) of a 

commercial aluminum plate， followed by hot-water treatment (HWT) in 

chloroplatiruc acid solution. In this chapter， preparation conditions of the 

plate type ca凶 ystwere investigated笛 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 aIumina layer but it has no effect on the catalyst 

∞ntent and the ca凶 yticreactivity. 
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(2) The conditions for preparing釦 anodizedlayer of any thickness under 

30μm were established. The thickness of the alumina fiIm was control1ed 

by anodization conditions such as time and temperature of el即位01戸eba出.

(3) The pt content on the catalyst swface wぉ controIledby conditions of 

HWT and increased with thickness of alumina layer up to 3.5 g-Ptlm2. The 

出nountof pt supported per BEf surface訂 eaof alumina was 170・180

μg/m2， which ∞πesponds to 3 wt% of alumina， and the dispersion of pt 

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

( 4) Catal yst wi th 30μm of aIumina film showed a∞nstant reaction rate 

per apparent surface arl伺 of 3.5 moll(h'm2) for cyclohexane 

dehydrogenation at ~H12/N2=1I 10， 1 atm and 4乃 Kfor 130 hours. It wぉ

clear that commercial aIuminumωn be used as materia1 f or plate type 

cataIyst. 
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Fig.2.2 Apparatus for hot water treatment 
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CHAPTER 3 PREPARATlON MErnoD OF THE PLA百T¥'PECAT AL YST 

U SING OXALIC ACID 

INTRODUCTION 

ln the following sections 1 shall be examining the design and the 

performance of tube wall rl回 cωrs. The catal ytic r'回 ctlVlty戸rapparent 

surface area，is directIy related to the reactor volume and血isis one of the 

important factors for r，回以orsize (Chapter 7). 

Thepu中oseof this chapter is to improve ωtalytic r，ぬctivityof the plate 

ty戸 catalyst.The effects of thickness and porosity of anodized alumina layer 

on platinum∞ntent and出eωalyticreactivity we陀 examined.Oxalic acid 

ωlution wぉ usedfor the anodic oxidation (AO) prlα;ess for two r，ωsons 4). 

FirstIy， the thick alumina layerωn be formed in oxalic acid solution. 

Secondly， chromic acid causes serious water pol1ution and its usage is limited. 

In AO process，組 aluminalayer more出初 350μm出ickwぉ formedon 

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 porlωity. The maximum platinum∞ntent wぉ

15.8 g-PtJm2 and this was 5 times larger th叩 theprevious ca凶 yst.Platinum 

dispersion of each catal yst wぉ about0.5. The reactivity of cycIohexane 

dehydrogenation increased with catalyst∞ntent. The highest ~'ωctivity after 

20 h wぉ about12 moll(h'm2)叩 d3 timesぉ highas the previously reported 

catal yst. 1 t wぉcIearthat the reactivity achieved the target reactivity. 

1 EXPERIMENT AL 

1.1 Preparation of the plate type catalyst 

(1) Anodic 0氾dation(AO) 

An aluminum pl御 (JIS-AI050，99.5 % in purity， 0.3 or 1.0 mm in 

白ickness)was pretreated in 20 wt% NaOH solution for 3 min.， and 30 wt% 
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HN匂 ωlutionfor 3 min.， then rinsed with deionized wa胞r.Both sides of 

the plate were anodized in aqueo凶 solutionof 4 wt% oxalic acid， at C山 Tent

density (CO) of 20・2∞A/m2，at 283-303 K， by electric quantity up to 3550 

A・h/m2.An alumina layer was formed on the aluminum lx刈y.The anodized 

plate was rinsed with deionized water， dried at r∞m temperature and 

calcined in air at 623 K for 1 h. Table 3.1 shows the AO conditions of the 

錨 mples，A-N， studied in出ischapter. 

(2) Pore Widening (PW) 

The釦 odizedpla民swith 1∞μm al umina thickness we陀 soakedin 4 

wt% of oxalic acid solution at 293 K for 1・12h. PW conditions訂 e

summarized in Table 3.1 for theぬmplesA・C.

5 

10 Table 3. 1 Prepar泊 onconditions of the plate typeω凶 ysts nu 
----

(3) Hot Water Treatment (HWT) 

1n this prlα;ess， platinum was impregnated in the al umina layer. The 

anodized alumina plate was soaked in chloroplatinic acid solution of 1.0 g-

PtJL at pH 11.4 (controlled by ammonia)， at 353 K and for 1・6h. The plate 

wぉ rinsedwith deionized water， soaked in 0.3 wt% KCl solution at r∞m 

民mperaturefor 20 min and rinsed with deioruzed water again. Then， the 

plate wぉ driedat r∞m temperature and calcined in air at 623 K for 1 h. 
Temp. CO Quantity of PW 

Sample of AO electricity time 

悶 [A/m2] [Ah/m2] 。1]
A 293 50 750 3 

B 293 50 750 8 

C 293 50 750 10 

D 293 2∞ 800 . 

E 293 1∞ 8∞ . 

F 293 30 8∞ . 

G 293 20 8∞ ー

H 283 50 750 . 

288 50 3550 . 

J 293 50 8∞ ー

K 293 50 34∞ . 

L 298 50 8∞ . 

M 298 50 12a . 

N 303 50 ヨ)() . 

15 1 .2 Characterization of the catalyst 

Pore size distri bution of組 odizedalumina layer was measured with 

mercury伊 rosimetry. Thickness of alumina layer was measured with a 

thickness meter (Helmut Fischer IS0SCOPE恥1P-2).Porosity of the alumina 

layer was calculated by dividing app訂 entalumina density by pure alumina 

density. Platinum distribution in the alumina layer wぉ measuredby X-ray 

microanalyser ()Qv仏). Quantity of platinum content wぉ measuredby 

atomic absorption spec甘oscopy(Shim泣 uAA・680).Platinum dispersion was 

determined by CO pulse method. 

20 

お

Note: AO: Anodic Oxidation， CO: Current Density 
PW : Pore Widening 

30 

1.3 Measurement of catalytic reactivity 

Theω凶 yticreactivities of the cata1ysts were evalua民dby cyclohexane 

dehydrogenation which is used for endothermic reaction of cyclohexanel 

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

expres回 din equation(3.1). 15 
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473K 

C~12 + 206 k.l/mole <:> C~6 + 3H2 (3.1) 

A flow type reactor was usedぉ a differential reactor. The pla匂

typeωtalyst， 5xl0 mm2 and small aluminum tips， 5x5 mm2 as dilutors were 

packed in pyrex reaction tube of 11 mni in inner diameter. The height of the 

catal yst bed wぉ 1か15mm. Activation of the catalyst was performed by 

oxidation in air (623 K， 12 h) and reduction in a mixture gas (H2 of 10 l/h 

and N2 of 15 1/h) at 623 K for 2 h. In the reaction tests， cydohexane was 

diluted wi由 nitrogen，and the dilution ratio was 10. Concentrations at白e

inlet and outlet gぉesof the reaction tube were analyzed by AD gas 

chromatography (Shim泣 uGC・8A). Changes in dehydrogenation reactivity 

of cycl ohexane wi th time were m飽 suredat 473 ~ 0.1恥任当.

2 RESUL TS AND DISCUSSION 

2.1 Conditions of Anodic Oxidation 

(1) Thickness of aluminum plate 

Effects of thickness of aluminum plate on thickness of組 odizedalumina 

layer were studied. Figure 3.1 shows thickness of the alumina layer 

changes with time under different thickness of aluminum plates. The 

∞ncentration of oxalic acid wぉ 4wt%， the current density w~s 50 A/rr{l. and 

出etemperature was 293 K. The thickness of alumina layer on the aluminum 

plates of thickness 0.3 mm raised to白e戸akof 1∞μm and on those of 1.0 

mm increぉedmore than 230μm. The rl伺 sonwhy the thickness of aluminum 

plate affects on the thickness of釦 odizedal umina 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民 ctionof 
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組組odizingaluminalaluminum plate. The anodization∞curs at山e

aluminalaluminum interface. The oxidation of aluminum is an exothermic 

reaction and the reaction heat (QAO) is transferred through aluminum p加 e

(QAL) and electrolyte oxalic acid (QEL). 

QAO = QAL + QEL (3.2) 

The two patterns of heat transfer were considered as follows: 

Case(A) In the first託ageof AO， generated alumina layer is thin 

and the heat甘ansfercωfficient of anodized alumina layer is large， in spite of 

thermal ∞nductivity 10 times smaller出m 白紙 ofaluminum. In出is

situa且on，temperature difference (L¥T) between aluminalaluminum interface 

and the surface of alumina layer is small. 

Case (B) The anodized alumina layer lx記omesthick and aluminum 

plate is becoming thinner by anodization， the heat transfer coefficient of 

anodized alumina layer is small and aT between aluminalaluminum interface 

and alumina surface tends to be large. Then the reaction heat OAo is m出nly

removed through the aluminum plate and the temperature of aluminum also 

rises due to large heat flux QAL・Therefore，temperature of aluminal 

aluminum interface is rising higher出組 inthe first stage of AO，ωse (A) and 

the dissolution of alumina layer is accelerated. For the r，ωsons mentioned 

above， 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・8wt%) 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鈎 mein spite of the 

concentration of oxalic acid. The purpose of the an叫ic0氾d低ionis to form 
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a thick and porous alumina layer on aluminum plate， uniformly. W抽出e

concentr誕ionof 1， 2 wt%， the thick:ness wぉ notuniform. The thickness on 

upper part of the pla臼 Wお出ick，which d∞s not suit catalyst support. In the 

ωse of 8 wt% of concentration， lot of oxalic acid wぉ consumedfor AO， 

which ca山 eshigh cost Therefore， we tl∞k the optimum concentrationぉ 4

wt%. 

Table 3. 2 Solubility of oxalic acid in water* 

Temperature [K] 

273 

293 

313 

333 

solubility [gll∞g-wate寸

3.42 

8.69 

17.71 

30.71 

* Kagaku bin-ran ki・so・henII・188

(3) Generation rate of anodized alumina layer 

Anodized alumina layer wぉ dissolvedinto acid as described later. 

Initial generation rate of the anodized alumina layer wぉ ootaffec句dby the 

dissolution into electrolyte， since the effect of dissolution increases with AO 

time. And the real generation rate of the alumina layer could be 何回1to the 

initial generation rate. Figure 3.4 shows effects of anodized temperature 

and cuπent 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 A 0 pIi∞ess is being continued s回 dilyby m釦 y

researchers and we do not discuss the mechanism in detail here. Shimura et 

al. S) have proposed a model. With this model，出e訂nountof anodized 

alumina was limited to出econcentration 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組 dporosity with po問 widening(PW) time. The 

thickness decreased linearly and出eporosity inc問おedlinearl y 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 bo血 insideand outside 

surfaces of anodized alumina layer. 

Two thωries about the dissolution of alumina layer have been pro戸sed.

One is出epore shortening出eoryand the other is由epore widening白eory.

Diggle et. al. 1) advanced the pore shortening出eorythat only the surface of 

alumina layer is dissolved into acid solution. Nagayama el al. propounded 

出epore widening白eorythat alumina layer is dissolved into acid solution 

from inside the alumina layer. Recently， it has been established that出e

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戸akaccording to白eanodizing tem戸rature.

(5) Effect of current density on the porosity 

Figure 3.7 shows the effect of cu汀entdensi ty on出eporosity of 

alumina layer at出einitial stage of anodization (up to 4h of anαiization). 

The result of the experiment was that出eporosity of alumina layer declined 

with the cuπent 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 cuπent density. Ebihara et. al. 2) reported that pore 

radius and number has been affected by voltage of anodization， and fu民her

consideration is requiredぉ towhether cuπent or voltage affects the number 
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and the radius of pores on alumina layer. 

(6) Eff ect of cuπent density on the thickness and roughness factor 

Figure 3.9 shows changes in thickness with time of anodic oxidation 

f or each current densi ty (CD)， 2ふ2∞A/m2，under 293 K constant 

Thickness of the alumina layer showed a maximum at more th姐 20h at low 

CD: the maximum thickness wぉ limitedto 30μm at 20 A/m2 and limited to 

66μm at 30 A/m2• The thickness increased with CD. This wぉ b民 a凶 e出e

generation rate changed with the CD in spi旬 ofthe fact出atthe dissolution 

rate was constant 

Figure 3.10 shows白at出eroughness factor (R町， thickness and 

porosity ch叩 gewith the current density under 8∞Ah/m2 of elcctric 

quantity at 298 K. The RF was measured after hot water町ea凶lentand 

calcination of anodized alumina layer. The RF showed the highest point of 

3α)()() at 50 A/m2 of CD. As we saw before， the thickness and the porosity 

were closely related to血ecurrent density. The thickness showed a戸akat 

1∞μm over 1∞A/m2 of CD and the porosity decreased with the CD from 

0.4 to 0.25. The roughness factor means the ratio of app訂 entsurf ace area to 

inside surf ace訂 ea(BEf s町facearea)，白us，it is proportional to出eBEf 

surfa句訂弘同ghsurface紅白 isusually 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. 

(η Long period of anodic oxidation under ∞nstant current density 

Figure 3.11 shows changes in alumina thickness with 0-3550 A・hJm2

of electric q凶 ntity，at 283-303 K under 50 A/m2∞nstant. Equilibrium 

thickness increased with a fall in the anodized temperature. This was because 

dissolution rate decreased with a fall in the釦 odizedtemperature in spite of 

the fact that generation rate was∞nstant. Maximum thickness of alumina 

layer wぉ morethan 350μm at 283 K， 3550 AhJm2. From the data of J-M in 
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Table 2， it wぉ alsoshown出低出eporosity of anodized alumina layer 

increased with AO time by dissolution. 

(8) Long period of anodic oxidation under constant voltage 

In出issection， long period of組 odicoxidation wぉ triedunder ∞nstant 

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

quantity of electricity under ∞nstant voltage 40 V. The alumina thickness 

increぉedwith time and showed a peak of 110μm at 20 h， after出atit 

d配 reぉedwith time. The porosity of the alumina layer was almost ∞nstant 

tiU 20 h of anodization and it incr，回S凶 linearlyafter 20 h. Current density 

dccreased with the加 odizingtime while the thickness increased， and after血e

戸ak，白ecuπent density wぉ出esame. The reason f or血isis not hard to see: 

1) Alumina is an insu1ator but anodized alumina layer has a porous 

structure and elcctrical ∞nductivity. 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，出us，出e

C町rentdensity dccreased with the thickness of alumina layer. 

2) Generation rate of anodized alumina layer is proportionalωcurrent 

density. Thus， the generation rate is controlled with anodic oxidation 

time up to 20 h. 

3) Dissolution ra臼 ofalumina layer into electro切eis determined by the 

民mperatureof elcctro切e. And equilibrium thickness of anodized 

alumina layer is dccided by the balance of generation and dissolution 

rate of alumina layer. Therefore， after 20 h of AO， the thickness of 

alumina layer is dccreased 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組吋izedal umina 

layer which is pre戸redusing chromic acid and is 10-20μm 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・pHl1.

In 出isportion of the study， an叫 izedal umina layer prep訂edusing 

oxalic acid was used for hydration. Thickness of alumina layer was about 

1∞μm. Figure 3.13 shows the weight of hydrated water changes wi血

time of hot water treatment under the ratio of volume of hot wa旬rand 

treated plate， e>4， at 353 K and under pH11.4. A change of weight wぉ not

observed after 1h of hot water trea回lentand it w笛 clear出atthe al umina 

layer hydra民din a short time. 

(2) Hot water treatment time and Platinum ∞ntent 

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 

wぉ about1∞μm， concentration of chloroplatinic acid solution wぉ 19-PνL

and temperature was 353 K. The platinum content rose to a戸akat 6 h of 

HWT. The time of 6h wぉ longer也anthat of the alumina layer prepared by 

AO in chromic acid solution. ln chapt怠r2， it was clear that the alumina is 

hydrated in a short time but impregnation of platinum within the alumina 

layer takes a long time. Impregna民dplatinum is distributed in all over the 

alumina layer of 30μmand白epl瓜mum∞ntentwas about 170μglBEf-m2. 

It is thought that the thickness using oxalic acid solution was more than 3 

times白at山 ingchromic acid solution，組dit t∞k a long time for pt 

lmpregnatIon. 

(3) Effect of pore widening on platinum∞ntent 

Figure 3.15 shows platinurn∞ntent change wi白 porewidening (PW) 
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time. The platinum∞n臼ntper unit volume increased with the PW time but 

thickness of alumina layer decreased with PW time. Thus， platinum content 

per ap戸rentsurf ace 紅白 showed a戸akat 3 h of PW time. Further 

discussion of these phenomena will be p陀 sentedlater. 

(4) Platinum content within anodized alumina layer 

Figure 3.16 shows changes of platinum∞ntent per apparent surf ace 

M伺 withelectric quantity of an叫 izationunder 40V constant Platinum 

∞ntent per unit volume was 0.04 g-PtJcm3-Ah匂∞邸tanttill 8∞Ah/m20f 

anodization. The value increased with further anodization， it s民 ms白at血IS

is caused by the increase of porosity. Platinum ∞ntent per apparent surf ace 

M回 showeda戸akat 1050 Ahlm2 of anodization. The porosity and出e

thickness of alumina layer are important factors for platinum∞ntent per 

apparent surface area and the details are studied as following. 

(5) Porosity of alumina layer and platinum∞ntent 

Fi伊 re3.17 shows changes in platinum∞ntent per unIt volume with 

porosity of anodized alumina layer. The platinum con刷 tper unit volume 

increased with the porosity up to 9 wt%. Figure 3.18 shows XMA analysis 

of the cross関 ctionof the plate type ca凶 ysts，ぬrnplesM and J. X -axis shows 

depth of alumina layer. Impregnated platinum of the high porosity釦 odized

alumina，組rnpleM， is distributed further in dep白.

K吋aet. al. (;) have clarified the mechanism of hydration of anodized 

thin alumina layer. When anodized alumina is soaked into hot water， the 

alumina is hydrョ1edand the volume is increased. Then， the pores of alumina 

layer are filled with the hydrated alumina in a short time. In chapter 2， it has 

h完nshown that the alumina is hydrated in a short time but impregnation of 

platinum within the alumina layer takes a long time. 

These results indiωte that much more anodized alumina of high porosity 

would be hydrated and platinurn∞uld be impregna民ddeeply， since it would 

take much more time for hydrated alumina to bl∞k the pores. Illustration of 
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血ismechanism 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 10 hold less platinum. The point 

which we es戸αallyemphぉlzeIS出atbalance of the thickness and出e

porosity is the important fac10r in designing plate typeω阻lyst.

Table 3.2 shows白atplatinum ∞ntent per apparent surface area of 

回 mple1 w白血elargest The platinum∞n旬ntw出 15.8g-PtJm2 which was 

5 times larger出初出atusing chromic acid. Platinum dispersion of every 

伺凶ystwぉ about0.5. The m回 nof platin山ncontent per BEf訂eawas 

about 1ωμgJBEf -m2 which wぉ almostthe回 meas出at凶 ingchromic acid. 

2.3 Catalytic reactivity 

(1) 日ec甘olyteand reactivity 

1 noue reported白atchromium was impregna旬dinto ca凶ystlayer by 

anodic oxidation of chromic acid solution. Thω. it is considered that some 

kind of electro切eaffects白eω.talytic~伺ctivity. Turn over frequency 

(TO町ofca凶 ystsprep訂edusing chromic acid and oxalic acid訂e∞mpared

in figure 3.20 and table 3.3. TOF m伺 nsgeneration rate of molecular 

benzene per catalyst site叩 dper unit time. Both TOF are almost the鈍 me

and the reactivity of cyclohex釦 edehydrogenation wぉ notaff ected by this 

kind of electrolyte. 

(2) catal戸ICr，回ctivityof plate type catalyst 

Figure 3.21 shows ch組 gesin cyclohex組 edeh)命ogenationreactivity 

of samples B， M. K， 1 and reported catalyst with reaction time. Each catalyst 

showed highest reactivity at initial reaction time and the reactivity decreased 

WI白 timeand showed a st伺 dystate after 20 h of reaction time. The steady 

r伺 ctivityincreased wi出 ωtalyst∞ntentand the reactivity of sample K was 

伽 ut3 timesぉ ゆ ぉ 出ecatalyst repo削 ID伽 pter2. The high側
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reactivity reached the target reactivity， which is discussed in chapter 7. 

Table3. 3 Physical properties of p加ety戸 ωtalysts

Thickness Porcト pt R 民

Sample of alumina slty con句ntcontent dispersion 

layer [}tm] [-] [wt%] [gIm2] [-] 

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 1∞ 0.29 2.4 3.0 0.45 

E 1∞ 0.37 3.0 3.8 0.47 

F 66 0.58 5.1 3.39 0.50 

G 37 0.70 7.5 2.89 0.53 

H 98 0.49 2.1 2.67 0.48 

327 0.59 3.98 15.84 0.47 

J 1∞ 0.49 2.96 4.12 0.42 

K 270 0.62 3.95 13.41 0.59 

L 79 0.48 3.27 3.88 0.51 

M 86 0.70 9.23 11.01 0.48 

N 29 0.52 4.12 2.99 0.49 
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CONCLUSIONS 

This chapter covers preparation me出odby using oxalic acid for anodic 

oxidation， and the following conclusions訂 'edrawn from the present 

mvestlgatlon. 

(1) In AO pr.∞ess， alumina layer more白祖 350μm出ickwas prepared. 

Porosity of the alumina layer was increased by pore widening (PW)如 d

more than 0.79 in porosity wぉ formed. Thickness and porosity of 

anodized alumina layer were determined by balance of generation rate 

and dissolution rate. 

(2) Impregnated p同inumcon臼ntper apparent surf ace訂 eaincreased with 

thickness and porosity of the anodized alumina layer. The maximum 

content wぉ 15.8g-PtJm2. Platinum dispersion of each catalyst was 

about 0.5. 

(3) Reactivity of cyclohexane dehydrogenation increased with platinum 

∞ntent. The highest reactivity was about 3 times as highぉ theprevious 

ωtal yst. The r伺 ctivityreached the target r，ぬctivity.
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CIlAPTER 4 EFFECTIVENESS F ACTOR OF 

THE PLATE TYPE CATALYST 

During the cycIohexane dehydrogenation，白ereactant must diffuse first 

from the f1uid to the outside surface of the catalyst and then through minu民

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 extemal fluid. Thus， the intemal 

surface is not as effectiveぉ itwould be if it were all exposed to contact with 

the extemal fluid. The degree of diffusion limitation is characterized by the 

effectiveness factor η， defined as the ratio of the observed rate of reaction to 

出atwhich would ∞cur in the absence of diffusion effects within the pores of 

出eca凶 yst.

Though the effectiveness factor has been one of the important factors to 

design conventional pellet typeω凶 ysts，the optimization of a plate type 

catalyst has never恥enstudied. In this chapter， the effectiveness factor of the 

plate type catal yst wぉ investigated.The following items have been studied. 

( 1) Anal ysis of the structure of the catal yst layer 

(2) Experimental determination of the effectiveness factor 

(3) Design of the catalyst to improve the reactivity 

1 THEORETICAL MODEL OF EFFECTlVENESS 

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 (t) 

at the depth (l) from catalyst surface can be given as follows: 
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安=D(乎]-TV 

catalyst increases with the va1ue ofゆ.and the effectiveness factor η 

approaches zero. 

If the thickness of the ca凶 ystlayer is very出in，all catalyst par甘clesare 

exposed to contact with the extema1 fluid and used for reaction， regardless of 

the effective diffusion coefficient Then， this catalyst shows the maximum 

reaction rate r sma.x' The maximum reaction rate per ca凶 ystsurface area can 

be given as: 

(4.1) 

5 Temperature gradien臼 inthe ca凶ystlayer have been calculated within 0.1 K 

5). Therefore， the temperature in the cata1yst layer was assumed to be 

isothermaI. The reaction rate of the cyclohex組 edehydrogenation (rv) is 

proportiona1 to concentration of cyclohexane S)，出enwe have: 

， v = k . C c (4.2) 

(4.8) 

5 

， smax =k . C~ . L 

nu 
10 Under s民adystate conditions， the observed reaction rate per catalyst 

surface紅白 isequal to diffusion rate at ca凶 ystsurf ace: 1 n the steady state，出ecyclohexane 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批 differentia1 何回目on: 以降)同 (4.9) 

15 

D(争 =k.Cc (4.3) using Eq.( 4.6)， the solution Is: 

15 

with the boundary conditions: ザ C~ 広州 (4.10) 

20 1=0: Cc=C~ 

dC円

l=L:五二=0 (4.5) 

The eff ecti v eness f actor (η1) of the p]ate type catalyst can be expressed by 

dividing Eq.(4.10) by Eq.(4.8): 

(4.4) 20 

here， L is thickness of PtJ Ab03伺凶ystlayer. the solution to Eq.(4.3) is: η一三s _竺些壁
一

'smax ゆ (4.11) 25 
お

Cc _ cosh中(l-I/L)

C~ coshlt 

ゃ=L品
(4.6) 

(4.7) 

1.2 Calculation of effectiveness factor from experimental results 

The observed reaction rate by experiment includes the diffusion effects 

and it is expres詑 das "・k. The Weisz number， which is one of the 

dimensionless numbers， was used to calculate the effectiveness factor from 

30 
30 

whereゆisthe Thiele number. The concentration gradient of reactant in the 
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The Weisz number is expressed in the following equatlOns: 

WsJ2η=[L' &1η=(η4412  

w
s
=φ2・η=φ.tanhφ(4.13)

We can calculate the Weisz number from experimental result by using 

Eq.(4.12)組 d俳句nbe calculated using Eq.( 4.13)，出en，the effectiveness 

factors are determined by Eq.( 4.11). 

2 EXPERIMENT AL 

2.1 Preparation or the plate type catalyst 

The何回lystsuppo口wぉ preparedby anodic oxidation. The platinum 

catalyst P出tic1esare impregnated within the alumina layer by hot water 

treatment 4)9). The preparation conditions of the ca凶 ysthave been repo此ed

in chapter 3. Alumina layers up to 320μm in thickness have been used in 

this study. 

2.2 Characterization or 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 

PtJAi2匂 ω凶 ystlayer was measured by X-ray microanalyser (XMA). The 

platinum content of the ca凶 ystlayer wぉ measuredby atomic abso中tion

S戸ctros∞py(Shimazu AA・680). The platinum dispersion in the catalyst 

layer wぉ evaluatedby CO pulse method 6). The physiω1 properties of the 

plate type catalysts are shown in Table 4.1. 
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Table 4.1 Physi伺 1properties of prepared catal ysts 

Thickness of pt contents pt dispersion 

Sample catalyst layer (j.4m] 
[g/m2] [wt%] 

[-] 

A 9 1.1 . 0.51 

B 15 1.9 ー 0.44 

C 27 2.9 7.2 0.47 

D 50 5.7 8.9 0.53 

E 80 11.1 10.2 0.48 

F 175 13.41 7.9 0.59 

G 195 15.84 8.0 0.47 

2.3 Measurement or catalytic reactivity 

Cyclohexane dehydrogenation wぉ usedas出etest reaction to estimate 

the effectiveness factor of the plate type catalyst 3). The reaction conditions 

are already repo口edin a former study 9). Cyclohexane was diluほdwIth 

nitrogen at a ratio of 1: 10. Concentrations at the in1et and outlet gぉ ofthe 

reaction tube were analyzed by FID gas chromatography (Shim位 uGC-8A). 

Under stable conditions， changes in the dehydrogenation reactivity of 

cyc10hexane with the catalyst thickness were meぉuredat 473 K， 0.1恥位、 4).

3 RESUL TS AND DISCUSSION 

3.1 Efrective diffusion coefficient or 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戸akpore radius and the porosity of 

the catalyst layer. 
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( 1) Pore size distri bution of the p出etype ca凶 yst

Measurement of the amount of adsorbed gおお afunction of the relative 

pressure is used for determining the pore size distribution. Figure 4.1 

shows the calculated pore size distribution of a plate type catalyst. This 

u凶 ysthad a narrow pore size distribution. The peak po陀 radiuswぉ about

2 nm. This was unrelated to the preparation conditions. 

(2) Diffusion cωfficient in the pores 

Pore diffusion may∞cur either by bulk or Knudsen diffusion. In this 

study， cyclohexane w出 assumedto be diffused into the pores mainly by 

Knudsen diffusion， because the戸rtialpressure of cyclohexane was low (9 

kPa) and the pores were quite small (2 nm in radius) 7). Therefore， the 

diffusion coefficient into the pores (DN) is given by: 

D~t=3.067. r_..1 !_ =4.60 x 10勺n21s
lV t! "Vル4 (4.14) 

・.・ T=473K，M=0.084kg /mol， rs)=20x 10・10m

(3) Effective diffusion coefficient 

The effcctive diffusion coefficient of the ca凶 ystlayer was estimated by 

the parallel path model 2). The modelぉsumesthe pore structureぉ

comprising釦 arrayof p訂allelcylindrical pores having the same pore size 

distribution. The effcctive diffusion coefficient is calculated by using the 

diffusion coefficient into pores， the porosity of catalyst layerε， and the 

tortuosity factor τ. The tortuosity factor is expressed as follows: 

T =(LelL)2 (4.15) 

where Le is leng白 ofthe tortuous diffusion path. Though the tortuosity 
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factor τis inde戸ndentof pore size， diffusion mode and diffusion s戸cies，a 

factor of 2 to 4 is predic包din many cases 7). And for diffusion出rougha 

randomly oriented system of cylindrical poresτ=3. Thus， in出isstudy， the 

tortuosity factor was assumed to be 3. The porosity of the catalyst varied 

from 0.4 to 0.6 (Chapter 3). In血isstudy， the porosity was assumed ωbe 

0.5. The -effective diffusion coefficient was mathernatically expressed as 

follows: 

D=三.D.， = 7.67・10・8m2/ s 
τ 川

ε=0.5，τ=3 

(4.16) 

3.2 Changes in reaction rate with thickness of catalyst layer 

(1) Thickness of ca凶 ystlayer 

Figure 4.2 shows the XMA analysis of the cross scction of the plate 

type catalysts， samples C， E and F. The X-axis shows the depth of the 

alumina layer from the surface and the Y -axis shows the intensity of the X 

rays of each element. The 紅白 inwhich both platinum and aluminum show a 

戸akis PtJA12匂 ca凶 ystlayer. The thickness could be measured from出JS

X恥1Apat句rnand table 4.1 shows the thickness of ca凶 ystsprepared. 1 n 

each ω凶 yst，X-ray intensity of platinum from the surface to bottom of the 

catalyst layer wぉ almostthe same， thus出eplatinum wぉ dispersing

uniformly within the alumina support layer. 

(2) Platinum ∞ntent per alumina weight 

The platinum content per alumina weight was calculated from the 

thickness of the PtJA12匂 ω凶 ystlayer， the density of the alumina layer and 

the platinum content of the ca凶 yst. Table 4.1 shows these results. The 

platinum∞ntent of each catalyst was about 7・10wt%. 
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(3) Catalytic reactivity with thickness of catalyst layer 

Figure 4.3 shows the relationship between thickness of PtJAb匂

ω凶 ystlayer and reaction r蹴 ofcyc10hexane dehydrogenation in steady 

回ate. Up to 80μm， the reaction ra臼 wasproportional to出e出ickness.

There is a slight inciease of the reaction rate to 150μm and then no f urther 

improvement was observed， even瓜 athickness of 150μm. 

3.3 Effectiveness factor of the plate type catalyst 

The Weisz number of each cata1yst wぉ ωlculatedfrom the experimenta1 

results using eq.(4.12). And出en，Thiele number，ゆ wぉ calculatedusing 

eq.(4.13). The reaction rate constant， k wぉ alsocalculated using eq.( 4.η. 

Table 4.2 shows k'， Ws，ゆ，kandηof eachω凶 yst.The m伺 nvalue of k 

wぉ about18 s-l and unrelated to the thickness of the ca凶 ystlayer. This 

seems to be natural because the pt∞ntent and dispersion of each ca凶 yst

were 7-10 wt%組 d0.4-0.6. 

Table 4.2 ηle k， k'， Ws，ゆandηof each p問問redcatal yst 

k‘(=η 'k) Ws + k η 
Sample [1Is] [-] [ー] [1/s] H 

A 16.15 0.05 0.23 16.5 0.98 

B 12.80 0.06 0.24 14.2 0.90 

C 12.77 0.13 0.36 14.8 0.86 

D 12.59 0.69 0.94 16.1 0.78 

E 14.40 1.05 1.24 21.2 0.68 

F 7.78 3.04 3.05 23.6 033 

G 5.92 2.55 2.59 19.7 030 
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Figure 4.4 shows the effectiveness factor of the plate type catalyst 

which is calculated using eq.(4.1l). The ratio and effectiveness factor 

decreased to 0.3 and 0.7 respectively at 80μm thickness. Figure 4.5 shows 

the variation of the cyclohexane concentration with the dep白 ofthe catal yst 

layer. The diffusion of cyclohexane into the catalyst layer was a serious 

problem at thicker catalyst layers. 

3.4 Improvement of the catalytic reactivity 

The observed reaction rate can be calculated using eq.(4.10). The 

observed reaction rate increases with the thickness of ω凶 ystlayer but it 

reaches the highest point， since the effectiveness factor decreases with the 

thickness. The highe坑 reactionrate can be expressedぉ follows:

L→∞ ， rs → C~.~Dxk (4.17) 

The highest reaction rate is determined by出eeffective diffusion coefficient 

and the reaction rate constant. Therefore， the reactivity can be improved by 

increments of the two par訂neters.

(1) Reaction rate constant and reactivity 

Figure 4.6 shows the reaction rate changes with the catalyst thickness 

f or diff erent ra旬 ∞nstants'The effective diffusion coefficient was assumed 

to be the same as experimenta1 results. The reaction rate improves with the 

reaction rate constant but the thickness in which the highest reaction rate 

showed is small. Therefore， there is no need to prepare a thick cata1yst layer 

when the reaction rate constant is high. To improve the reaction rate 

constant， the following should be done in future catalyst preparation: 

1) Augmentation of pt∞nten臼anddispersion 

2) Research of another ca凶 ysts戸cieswhich shows high reactivity 
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(2) Effective diffusion coefficient釦 dreacti vity 

The small pore causes a diffusive resistance and this affects the easy 

a∞ess of reactants to catalyst sites and removal of products. 

Figure 4.7 shows the reaction rate changes with the thickness assuming 

different effective diffusion c∞fficients. The reaction rate constant k was 

taken f rom the experimental results. The reaction ratεimproves with the 

effective diffusion coefficient which could be increased by expansion of the 

peak pore radius. However， by this method， BET surface area would be 

decreased and出iscauses low reaction rate∞nstant due to low pt content， 

and finally， the highest reaction rate would be decreased. Therefore， the 

pore structure of the ca凶 ystmust be changed to improve the diffusion 

Cぽ fficientwhile keeping the reaction rate constant high. 

A bim叫 alpore size distribution is one solution. The large pores are 

used for diffusion of reactant and small pores are used for reaction. If the 

reaction rate constant per unIt volume would be kept the臼 meby the small 

pores， the final reaction rate could be I訂 ge，ぉ shownin figure 4.7. ln the 

future， further experiments wilI be caπied out to prep訂 ea catalyst with a 

bimodal pore structure. Figure 4.8 shows pore size distributions of the 

anodizcd al umina layer and the prep訂はica凶 yst. Anodized alumina layer 

hぉ anaπow pore distribution with 50 nm radius in spite of the pore size 

distribution of the catalyst being 2 nm radius. Therefore， it is possible to 

prepare a catalyst with bimodal pore structure which has pore戸aksat 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 ω凶 ystlayers. A bimodal pore structure is one sol ution to keep 

reaction rate constant high with a large effective diffusion coefficicnt. 

CONCLUSIONS 

5 

In this study， the effectiveness factor of the plate type ca凶 ystwぉ

studied theoretically and experimen凶 ly. The following conclusions訂 e

drawn from the present investigation. 

ハU---a 

(1 ) The PtI Ah匂/Alplate type ca凶 ystprepared by anodic oxidation and 

hot water treatment had a porous structure with a na汀owpore size 

distribution. Most of the pores were about 2 nrn in radius. 10 

(2) Though reaction rate of cyclohexane dehydrogenation wぉ proportional

ωthe ca凶 ystthickness up to 80μm， it reached the highest point. In 

thick catalyst of 195μm， the effectiveness factor was decreased to 0.3 
15 

15 

(3) The highest reaction rate wぉ decidedby the effective diffusion 

c∞fficient and the reaction rate constant. 

20 

(4) Reaction rate constant could be improved by increasing the pt content 

per alumina weight and the dispersion of impregnated platinum. zo 

25 
お
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CHAPTER S DEACTIVATION AND DURABILITY OF 

THE PLATE 1'YPE CATALYST 

INTRODUCTION 

ln this chapter， dumbility and lifetime of plate type catalysts in 

dehydrogenation of cyclohexane were studied. ln industrial processes， 

pressure of hydrogen is high to control caroon deposit and dcacti¥'ation of 

catalyst but the pressure causes low conversion of dehydrogenation. ln the 

case of chcmicaJ heat pumps， the dehydrogenation conversion influences total 

system performance， thermal efficiency and coefficient of performance. 

Therefore， deactivation of catalyst is a problem. 

Aca凶 ystloses its r回 ctivityfor various r，回sons:

1， Poisoning 

2， Fouling 

3， Reduction of active ar凶 bysinte口ngor mlgratlOn 

4， Loss of active s戸Cles

A catalyst poison is an impurity present in the feed stream that reduces 

ca凶 ystreactivity. The poison in the case of pla旬 typeca凶 ystfor 

cyclohexane dehydrogenation ha'i been reportedぉ sulfurcompounds 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 ca凶 ystdrops rapidly during the first few hours of reaction time and 

then more slowly thereafter. It has been reported山atthe coking∞curs on 

the plate typeω凶 ystwhen using purified cyclohexane 8). 

Figure 5.1 shows typica1 change of reactivity of plate type catalyst on 

cyclohexane dehydrogenation. Thickness of catalyst layer wぉ 20μm.This 

change is almost鈍 meas typiω1 change of catalytic reactivity 2). The 

r悶 ctivityωnbe c1assified into thr民 arωsas classifications of conventional 

catalyst，ぉ follows:
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[A] The reaction when白at出ereactivity of fresh catalyst drops rapidly in a 

few hours of reaction. 

[B] The reaction time when the reactivity drops slowly. 

[q The reaction time when the reactivity drops rapidly after the slow 

deactivation . 

For industrial purposes， reaction ra民 during但]has been used， since the 

r回 ctivityis almost steady. Therefore， the time when the catalyst shows 

steady reactivity is important. 1n出ischaptεr，也edeactivation of the plate 

type ca凶 ystwas studied experimentally叩 d出即時tically組 dmodels of 

deactivation were proposed. 

1 MODEL OF DEACTIV ATION AND 
CATALYTIC REACTIVITY 

A model of deactivation wぉ proposed，using the model of effectiveness 

factor of plate type catalyst. The reaction ra旬 rswhich is observed by 

expenment was expressed as Eq.(5.1) 6). Here， D is the effective diffusion 

coefficient into the pores， the concentration of cyclohexane on the catalyst 

surface is COc， k is reaction rate constantゆ isThiele number and L is 

thickness of alumina layer. The ratio of concentration of cyclohexane at a 

depth 1ωthat on the surface is expressed as Eq.(5.2)・

ザ CLJEtanhゆ
(5.1) 

J料再

主∞shや(l-l/L)

C~ cosh中 (5.2) 
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Figure 5.2 shows distributions of cyclohex組 .econcentration ratio 

through the depth， which is calculated using eq.(5.2). The reaction rate on 

the surface is the highest regardless of coefficient of diffusion and reaction 

rate constant. Generally，ぉ thevolume of carbonaceous de戸別tsincreases 

with volume of generated product， coking may mai凶y∞curon the catal yst 

surface as per figure 5.3. Therefore， 1 have varied two of the impo口組1t

P出-ameters，reaction rate∞n抗出1tand coefficient of diffusion， and discussed 

the catalyst deactivation. 

2 EXPERIMENTAL 

2.1 Preparation of the plate type catalyst 

Alumina catalyst support layer was formed by anodic oxidation of 

commercial aluminum. Platinum particles as catalyst were impregnated by 

hot water treatment. After the hot water treatment， potassium wぉ

impregnated and the effect of potassium on the reaction rate change wぉ

discussed. The detailed preparation conditions were shown in chapters 2 and 

33). 

Physiω1 properties of prepared catal yst wereぉ follows.The thickness 

of PtJAh匂 α凶 y坑 Wぉ upto 150μm， the porosity was 0.5， m回 npore 

radi us in the ca凶 ystlayer was 2 nm， platinum dispersion was 0.5 and the 

impregnated platinum particles were distributed uniformly in the alumina 

ca凶 ystsupport layer. 

2.2 Characterization of prepared catalyst 

The pore size distribution of the ω凶 ystlayer was calculated from 

nitrogen adso中tiondata by白eDollimore method 1). The thickness of the 
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PtJAh匂 ca凶 ystlayer was m回 suredby X-ray microanalyser (X恥仏). The 

platinum content of the cata1yst layer was measured by atomic abso中tion

spectro民opy(Shimazu AA・680)・Thenumber of ca凶 ystsit怠swぉ measured

by CO pulse method. 

2.3 Measurement of catalytic reactivity 

Theω凶 yticreactivities of the ca'凶 ystswere evaluated by cyc10hex釦 e

dehydrogenation， which is凶 edfor endothennic reaction of cyclohexane/ 

benzenelhydrogen chemical heat pump (CBH・CHP)4)5). The chemica1 

reaction is expres田din equation (5.3). 

473K 

Cr)l12 + 206 kJ/moleφ Cr)l6 + 3H2 (5.3) 

A flow type reactor wぉ usedぉ adiff erential reactor 7). The plate type 

cata1yst， 5x 10 mm2 and small aluminum tips， 5x5 mm2. as dilutors， were 

packed in pyrex reaction tube of 11 mm inner diameter. The height of the 

ω凶 ystbed wぉ 10-15mm. Activation of the catalyst wぉ perfonned by 

oxidation in air (623 K， 12 h) and reduction in a mixture gぉ (H20f10 Uh 

and 防 of15 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 gぉesof the reaction tube were analyzed by AD gぉ

chromatography (Shim泣 uGC・8A). Changes in dehydrogen拭ionreactivity 

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

pressure. 

Deactivated cata1yst was reactivated by oxidation by air at 623 K， 12 h 

叩 d2νhof air and followed by hydrogen reduction at 623 K， 2 h and 25 

Uh (dilu民dby nitrogen， the concentration of hydrogen was 60 mol%). 

Cata1ytic reactivity of the tube wall type reactor wぉ measuredusing the 

same flow type reactor as an integral [1伺 ctor.Tube type ca凶 ystwas inserted 
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into the reaction tube. The length of tube wall reacωr was 8.5 cm. Changes 

of conversion of cyc10hexane dehydrogenation with time were m回 sured.

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，ぉ perfigure 5.1， were analyzed. The 

absolute quantities of the following samples were measured by the CO pulse 

m仙 od;Ah匂 catalystsupport layer， fresh catalysts with different thickness， 

catalyst showing s民adystate， deactivated catalyst and refresh catalyst. 

Before m伺 suringthe quantity of CO adsorption to出ecatal yst， standard 

pretr回 tmentof air oxidation and hydrogen reduction is conducted to c1ean 

the catal yst. In st回 dystate of ca凶 yticreactivity， reactants such as 

cyc1ohexane， benzene and hydrogen are adsorbed on the platinum and the 

rem出ningexposed platinum is used for the reaction. Therefore， in another 

sample， no pretrω.tment to remove出eadsorbed reactants was conducted. 

Figure 5.4 shows relationship between the quantity of adsorbed CO and 

catalytic r白 ctivity.

1) Alumina ω凶 ystsupport showed no reactivity and adsorbed qu組 tity

wぉ alsozero. The reactivity of fresh ca凶ystsincreased linearly with 

出eamount of CO adsorbed. 

2) Quantity of CO adsorbed to used ωtalysts before pretr伺 tment(no 

pretreatment) matched well with the plot of fresh catalyst， and the 

quantity of CO adso中日onshows ω凶 yticreactivity. 

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

出anthe value with no pretrlωtment and less出anthe v al ue of f resh 
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ω凶 yst. Some r，凶ctants，like carbonaceous deposits， would still be 

adsorbed on the catalyst after出epretrl伺加ent.

4) Quantity of CO adsorbed to refreshed catalyst showed the sameぉ fresh

catalyst and sin旬nng叩 dmigration did not ∞cur. 

5) In the紅白[B]， the area of platinum exposed would be the same， since 

the reactivity was the sarne. ln the ar凶 [C]，there is a sudden dip in the 

reactivity， and this would be caused by the decrease in exposed platinum 

area. 

(2) Pore size distributioD of the deactivated catalyst 

To discuss the deactivation of catalyst， pore size distribution of 

deacti vated ca凶 ystwぉ m伺 sured.Figure 5.5 shows the results.ηle戸ak

pore radi凶 Wおぬmebut the戸akwas lower than出atof f resh catal yst. 

Before measuring the pore size distribution， standard pretrl伺 tmentof 

calcination under vacuum wぉ conductedand some carbonaceous material 

would be removed. Then，出isdistribution would not be the same as出at

under deactivation. Further study must be undertaken to measure the 

deactI vated catal yst. 

3.2 Reactivity change with time and the deactivated model 

Model of cataIyst 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甘凶ted

sepa.rately and sensitive p紅白netersare considered. 

( 1) Effects of the reaction rate constant 

Potassi um has been repo口edto control carbonaceous deposits. PtJ 

AI2U3/AIω凶 ystwith no potassium wぉ prep訂 edand the reactivity change 

with time is shown in figure 5.6. The reactivity showed rapid drop and 

decr伺 sedlinearly. In this case， the following model would be applied. 

Figure 5.7 shows pore bl∞kade model. The carbonaceous depositsむe
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supposed to bl∞kade the micro pores in the ca凶 ystimmediately， and 

platinum particles inside of the pores could not be used for reaction. The 

remammg pores訂 esupposed to be used for the reaction under the same 

reaction rate constant and effective diffusion coefficient The volume of 

deposi臼 increaseswith time. ln this case， reaction rate constant per unit 

volurne would decrease with the deposi臼.

Figure 5.8 shows reactivity changes with reaction rate∞nstant， 釦d

出echanges were calculated using Eq.(5.1). The reaction rate decreased 

linearly with decrease of reaction rate∞nstant， reg訂正llessof thickness of 

u凶 ystlayer. As the reaction rate constant would decrease with reaction 

time due to c訂 bondeposits， X-axis of reaction rate constant∞rresponds to 

reaction time. The relationship betw悶 1rl伺 ctiontime and reaction rate 

∞nstant remains for further investigation. Since the characteristics of 

changes of reaction rate訂 ealmost出esameぉ inthe examination， this model 

can be applied f or ca凶 yston which carもonaceousm蹴 rialsdeposit回 sily.

(2) Effects of the effective diffusion coefficient 

Figure 5.9 shows reaction rate changes with reaction time for two 

thicknesses of ω凶 ystlayer， 30μm組 d80μm.In these ca凶 ysts，potassi山n

was impregnated after hot water treatment. Though the ca凶 ystwith 30μm 

thickness showed a stable reaction ra句 afterrapid drop， in theωse of 80μm 

thickness， there wぉ nostable reaction rate and it decreased linearly. For the 

catalyst with 30μm 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，出e

carbonωeoωde戸sitsnarrow the micro pores and出emass transf er of the 

r回 .ctantsinto the catal yst pores becomes rate∞ntroIling. 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 thrぽ pattems，according to thickness of ca凶 ystlayer: 

1) In the ωse of thiclcness of 10μm， the reaction ra臼 wasstable reg訂 dless

of pore radius. 

2) In the catalyst with 30μm thickness， the reaction ra臼 Wぉ steadytill 0.5 

nm pore radius， and showed rapid drop with decrease of pore radius. 

3) More than 30μm in thiclcness， reaction rate gradually declines with 

decrease this dec1ine acceleratεs. 

These phenomena訂 ecaused by the effectiveness factor of the ca凶 ysts.

The value of the thick ca凶 ystis small and the reaction rate is sensitive to the 

effectiveness diffusion c∞fficient which is decided by pore radius. Then， the 

reaction rate decr白 sedgradually with decr，伺seof pore radius. In the ωse of 

30μm， effectiveness factor is high (0.86) and mass transfer is not rate 

controlling for the reaction. But if the rate∞ntrolling step is changed to 

mass transfer from reaction， the reaction ra旬 decreasedwi出 poreradi us. 

As the pore radius would be narrowed by carbon deposits with reaction 

time， X -axis of reaction rate constant coπesponds to reaction time. The 

relationship between reaction time and pore radius remains for fu口her

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ぬmeぉ inthese 

examinations， this model can be applied for catalyst which controls 

ωrbunaceous deposits. 

3.3 Durability of the tube wall catalyst 

In this part， reactivity change with time of tube wall reactor wぉ studied.

Inside of the tube， a PtJ AI2匂 ca凶 ystlayer 150μm in thickness was formed， 

and the length， LC was 8.5 cm. In this catalyst， potassium wぉ impregnated.

The appar剖uswぉ usedas an integra1 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 曲目∞ndition，equilibrium conversion is 33 % of cyclohexane. 

lnitial reaction rate was about 33 qも叩dit decreased rapidly and showed a 

∞nstant value after 50 h of reaction. The stable value 25 % continued to 2.∞ 
h， and then decreased gradually to 1α氾 hof reaction. The reaction rate after 

lαゎhwas about 60 % of the st回 dyvalue. 

We can think of a ca凶 ystin the sha戸 ofa出inring whose thickness is 

dL， then the tube catalyst consists of m組 yunits of these ringω凶 ysts.Each 

nng ca凶 ystfrom end to end shows a reaction rate which is decided by出e

∞mposition of the r，伺ctantThe conversion of the tube catalyst is calcula凶

ぉ anintegr抵ionof reaction rate of each ring ca凶 yst.The reactivity changes 

with the time of ring catalyst is allowed by the pore narrowed model， and the 

following are considered: 

1) In initial reaction， all parts of the catalyst are fresh and show high 

reactivity. The reactivity decr，回sesrapidly， like that of a differential 

reactor. 

2) The conversion showed constant till 2∞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 ca凶 yst.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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CONCLUSIONS 

The deactivation mech出世smand durability of the tube wall cata1yst 

during dehydrogenation of cyclohexane was studied. 

1) Deactivation of this tube wall catalyst caused byαrbon deposits. 

Sintering， migration and loss of active species were oot observed. The 

reactivity of a refreshed cata1yst wasぉ highぉ for f resh catalys也. L 

Lc 

5 

G
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2) Reaction rate increased linearly with quantity of CO adsorbed. rs 
A
U
 

---A 10 

3) A deactivation model wぉ proposedby using出emodel of effectiveness 

factor of plate type catalyst The reaction rate rc which is observed in 

terms of ex戸口mentwas expressed by effective diffusion coefficient and 

reactIon rate constant. 

中

Concentration of cyclohexane 
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Reacti on rate∞nstant 
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[S-1 ] 

1μm] 
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4) Experimenta1 resul臼 onreaction rate changes of the potassium frl伐

cata1yst showed that reaction rate decr伺 sedlinearly with time and these 

results matched the pore bl∞kade model. References 

1) Dollimore， D.， G. R. Hea1; J. appl. Chem.， 14，3，p.lω-114 (1964) 

2) Furuoya， 1. ; Shokubai， 18， 3， p.ω-66，1976 

3) Murata K.， K. Yamamoto and H. Kameyama; Kagaku Kogaku 

Ronbunshu， 19， 1， p.41-47 (1労3)

4) Muata， K. and H. K創neyama;ALlITOPIA， 23， 10， p.9・15，1993 

5) Murata， K. and H. Kameyama; pr∞eeding of Int. Hydrogen and Clean 

Energy Symposium '95， Japan， Tokyo， p.313-316， 1995 

6) Nishimura S.， S. Takeoka and H. Kameyama;Shokubai， 32，7， p.488-489 

(1使対日)

ηSanshou Shokubai Iinkai， (ed)， Shokubai， 31， p.317 (1989) 

8) YamぉekiK.， S. Nakayashu， K. Yamamoto and H.Kamey副na;Kagaku 

Kogaku Ronbunshu，立， p.267・272(1991) 

20 5) With potassium in the cata1yst， the pore narrowed model matched the 

experimenta1 results well. In the model， the carbonaceous deposits 

n訂 rowthe micro pores， and the mass transfer of the reactants into the 

cata1yst pores becomes rate controlling. Thus， the reaction rate 

decreases with the reaction time. 

。

25 
5 

6) In the long-life test of a tube type cata1yst，出ecatal yst showed a steady 

reactivity in the reaction time from 50 h to 2∞h， but deacti vation 

gradually prl∞eeded to reach the value of 60 % of s同 dyreactivity after 

the reaction time of 1α氾 h.This phenomenon is expres鈍 dby the pore 

narrowed model. ~O 30 
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DEVELOP町 GLAMINAR Flρw  

INTRODUCTION 

ln the wall type reactor， the ca凶 ystlayers are 0凶yformed on山e

surface of the reactor walls and size of tube wall rぬ ctortends to be larger 

th初出atof conventional fixed bed r回 ctOf.This isαused by two r，回sonsぉ

follows: 

1) Volume ofω凶 ystsupported is smaller th初出atof fixed bed f'ωctor. 

2) Mass transfer in the radial tends to control the to凶 reactionrate. 

These two elements would be br白鼠hroughpoin臼 fordesign of tube wall 

reactors. 

ln recent years， there has })(矧1some interest in the theoretical analysis of 

radial mぉstransfer in tubular reactors. In these analysis， the flow has been 

supposed to be fully develo戸dlaminar or turbulent flow 1・10).

In developed laminar flow， vel∞ity difference between center and wall 

is large， and mass transfer controls the to凶 reactionrate. To esωpe this 

controlling step，ωme researchers packed inert material in the catalyst tube. 

But this causes large pressure loss in the reactor. 

The dehydrogenation of cyclohexane at 0.1 ~伊a and 473 K is gぉ phase

reaction. Re戸oldsnumber is about 2 and the flow is laminar. In these 

conditions， while a fully developed laminar flow， it is likely that radial mぉs

transfer controls the reaction. 

On the other hand， while laminar flow is still developing， it has been 

repo口edthat radial mass transf er wぉ differentfrom that of fully developed 

laminar. The value is larger出組 thatof develo戸dlaminar flow and near 

that of turbulent flow 1 )2). 

ln出ischapter 1 focus on developing laminar flow. The radia1 mぉs

transfer under developing laminar flow wぉ studied.Reaction conditions， in 

which reaction rate is controlling， wぉ proposedusing static mixer. 
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1 THEORETICAL MODEL OF RADIAL 島fASS

TRANSFER IN THE TUBE W ALL REACTOR 

1.1 Mass transfer of reactant in the tube wall reactor 

Figure 6.1 shows illustration of the reactor wall. The reactant， 

cyclohexane molecules diffuse to出eωta.lyticrl回 ctorwall and出eyare 

dehydrogenated on the cata1yst wall. In developing laminar flow， it has been 

repo目凶 thatradi a1 gぉ flowvel∞ity distribution is a1most samc as a plug 

flow 1)2). Near cata1yst wall， the vel∞ity is decreased by friction to the wall 

and the boundary layer is formed on出eω凶 ystwall. 

In the boundary layer， the reactant moved to catalyst wall at mぉs

transfer coefficient kM. The total reaction ra臼 constantkT is determined by 

reactlOn rate∞nstant kR (kR=rs/Ccs ) and mass transfer coefficient in the 

boundary layer kM. The to凶 reactionconstant kT is expressed as follows: 

1 1 1  
-ーーーー.ーーー・・←ーーー-
kT k

M
' k

R (6.1) 

Figure 6.2 shows the ratio of tota1 reaction rate kT and reaction rate 

con坑釦tkR (kT/ kR) changes wi出 theratio of mass transfer coefficient kM and 

reactlOn rate constant kR (kM/kR). The kげkRincreases with the kM/kR and the 

va1ue rises to 1. This m位 ns出atif the kM is 20 Limes larger than the kR 

(kM/kR > 20 )， kT is almost組 meas kR (kT/kR与 1). In出iscondition， the 

cyclohexane concentra.tion on the catalyst surface Ccs is almost s出neas the 

cycIohexane concentration of bulk Cco ( Cco=C・cs).Then，出emass transf er 

α児fficientin the bounぬryIayer can be neglected for the reaction. 

Therefore， the ratio of mぉstransfer coefficient and reaction rate con託ant
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kM/kR is one of the important par司neterto eva1uate the ∞ndition of reaction 

in the tube wa11 reactor. In this chapter， the va1ue of this ratio is thought as 

key par百 netεrand the ideal ratio is assumed to be 20 [-]. 

1.2 Ideal conversion changes with gas velocity 

Conversion changes of the tube wall reactor with gas velocity for each 

reacti on rate∞nstant was calculated using a simulator (see next chapter 7). 

In this calculation， kM/kR was sup戸sedto be larger than 20，出en，Ccs is 

鈍 meas Cco・ Figure6.3 shows the calculated conversion changes with SV. 

This conversion changes with space vel∞ity SV訂 'eideal condition of 

reaction. A nd the reaction rate is∞ntrolIing the to凶 reactionof出istube 

wall reactor. 

In the f ol1owing， the experimenta1 res凶臼 werecomp訂 edto the 

calculated results. 

2 EXPERIMENTAL 

2.1 Preparation of the tube wall catalyst 

The commercial aluminum tube (JIS A-I050， 11 mm in diameter， 2-

12.5 cm in length and 99.5 % in purity ) wぉ usedto prepare tube wall 

cata1yst. Inside the a1uminum tube was anodized by oxa1ic acid and followed 

by hot water treatment in chroloplatinic acid solution. Experimenta1 

apparat山 foranodic oxidation wぉ shownin figure 6.4. The conditions 

were鈍 me路氏portedpaper and chapters 2，3. PtJ AhU3 cata1yst layer 270 

μm in thickness w鎚 formedinside surface of a1uminum tube. Figure 6.5 is 

a photograph of the prep訂 edtube wa11 cata1yst. Platinum ∞ntent was about 

10 wt% per a1umina weight釦 dabout 10 g/m2 per app訂 entsurface area. 

Platinum dispersion was about 0.5. 
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2.2 Reactivity of the tube wall reactor 

Catalytic reactivity of prepared tube catalyst wぉ estimated by 

cyclohex組 edehydrogenation， 473 K， 0.1 MPa. Reaction conditions were 

鈍 meas those in chapters 2・5. Swface temperature of the catalyst was 

controlled at 472-474 K. Figure 6.6 shows illustration of r，回ctorwith tube 

wallωtalyst. Tube wa11 cata1yst was insertω into reacti on町吋xtube. 

Length of the catal yst wぉ ch祖 gedfrom 2 cm to 12.5 cm. Spiral platε 出at

plate was spiraling 180 degree in 4αn， or flat a1uminum plate was inserted 

into tube wall ca凶 ystto promote the radia1 mass transfer. 

3 RESUL TS AND DISCUSSION 

3.1 Thickness of boundary layer 

Under developing laminar flow， thickness of boundary layer is 

increasing with the distance from the entrance of the cataJyst tube. It would 

be∞nsidered that the bounぬrylayer thickness at the entrance and the exit 

are not泊 me.This may cause the change of mass transfer coefficient. 

Thickness of boundary layer is proportional to the叫凶rer∞t of the 

distance from entrance of tube. The distance to ful1y develop the boundary 

layer is ca1culatedぉ 10times longer th叩 thetube wall catalyst used in this 

experimental. 

Figure 6.7 shows conversion changes with ω凶 y坑 lengthunder same 

gas velocity. The experimental results were matched welI to the caIculated 

results. These results show that mass transfer c伺 fficientin the bounぬry

layer through the tube wa11 cataJyst is q山telarger th釦 thereaction rate 

constant. Therefore， effect of catalyst length on mass transfer coefficient can 

be neglec民d.

3・2Mass transfer coemcient in the boundary layer 
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Figure 6.8 shows comparison of experimental and calcu1ated results 

for conversion changes with gas velocity. The experimen凶 resultsare lower 

白叩出atof calculated at low gas vel∞ity. This mωns出atmぉstransfer 

through the boun血rylayer controls overall reaction at low gas velocity and 

thickness of boundary layer increased with decrement space velocity. 

Using ex戸rimentalresults， to凶 reactionrate constant kT wぉ calcu1ated

(S民 chapter7). The reaction rate has been proposed to proportion to 

pressure of cyclohexaneぉ follows:

Ts=kTX Cco (6.2) 

Figure 6.9 shows to凶 reactionrate∞nωnt kTCh釦 geswith space vel∞ity 

with each reactivity. It is cleat出atdecrement of total reaction rate constant 

is large at high r，伺ctivityca凶 yst.

Mass transfer coefficient wぉ calculatedfrom over三IIreaction rate and 

reaction rate∞nstant measured by differentia1 r回 ctor(see chapter 5) by 

using eq.(6.1). The result.s are shown in Figure 6.10. Mass transfer 

coefficient wぉ proportiona1to出e2 power of the space vel∞ity regardless 

of reactivity. This is because the thickness of boundary layer is a1so 

proportional to the square r∞t of gas vel∞ity. To satisfy the key parameter， 

出eratio of mass transfer coefficient and reaction rate constant， space velocity 

S V more than 3α)() is needed. 

3.3 Effects of static mixer on controlling step 

It has been cl伺 r出atboundary layer thickness is important for reaction 

of tube wall ca凶 yst.Static mixer was inserted into tube and this effect was 

considered' 

Figure 6.11 shows effect of static mixer on conversion changes with 

time under space velocity 17∞h-l. At first only tube catalyst was used for 

reaction. After the catalyst showed stωdy state， reactor temperature wぉ

drop凶 ωr∞m旬mperatu陀 anda spira1 was inserted. Then the reaction 

111 



5 

10 

15 

20 

25 

30 

test re託M也d.

CHAPTER ， MAss TRANSFER IN TuBE W ALL REACTOR 

DEVELOPING LAMINAll FLow 

During the insertion of spiral. nitrogen gas was used for p町ge. After 

the insertion of the spiral. reaction rate showed high. This is because出at

the surface of ca凶 ystwぉ cleanedby purge of nitrogen. After 10 h of 

further reaction. the catalyst showed s也adys也記 again. The s旬adystate 

reaction rate was 3 points higher出m 出atof tube ca凶 ystwithout static 

ロllxer.

3.4 Effects of spiral shape 00 cooversion 

Figure 6.12 shows effect of shape of static mixer on conversion 

changes with space velocity. In也isstudy， the eff ects of flat plate叩 dspiral 

plate were∞m戸red.By凶 ingstatic mixer， conversion at low space vel∞ity 

was increased and the val ue was matched to血ecalcul剖edresult. This results 

show出atstatic mixer accelerates出emぉstransfer in boundary layer. The 

diff erent of shape of抗瓜icmixer on∞nversion was not observed. Figure 

6.13 shows出ateffects of static mixer on conversion changes for each 

reactivity. Every reactivity matched well to calcu1ated resu1t. 

Effects of static mixer was considered出at血ereactant gas wぉ mixed

m民 hanicallyby mixer. Pressure drop of static mixer was negligible under 

Raynolds number of about 10. 

CONCLUSIONS 

In出ischapter， mass transfer in the tube wall reactor developing laminar 

flow wぉ studied. The following conclusions are drawn from the present 

m vest1gatJon: 

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

∞nstant was needed for reaction controlling s民p. Ideal∞nversion 
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changes under reaction ∞ntrolling w出 calc凶ated.

2) ln developing laminar flow. thickness of boundary layer is increasing 

with the distance from entrance of catalyst tube. Experimental results 

show出atmぉstransfer coefficient in the boundaηr layer血rough出e

catalyst is quite larger出anthe reaction ra也 ∞nstant.Theref ore， eff ect 

of catalyst length on mass transfer coefficient is neglected. 

3) The conversion by experimental were lower出ancalcu1ated results at 

low gぉ velocity. Mass transfer through the boundary layer is 

controlling overall reaction under 3α氾 h-lof space vel∞ity. 

4) Using spiral or pla句 inthe tube catalyst increased conversion at low 

space vel∞ity. This results show出atstatic mixer accelerate the mass 

transfer in boundary layer by mixing. 
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INTRODUCTION 

Chemical heat pumps with various kinds of reaction have been proposed 

and studied. Tube wall reactors which回 silytransform thermal energy into 

chemical energy are needed for CHPsωreduce exergy loss. A thin layer 

ωtalyst supported on a metal has high thermal ∞nductivity and well suits the 

wall type reactor 2). 

In出is回 ction，feasibility study of tube wall reactor was investigated by 

using a simulator. The rぬ .ctorwall is assumed to be made of PtJ Ah匂 /Al

plate type ca凶 ystwith high thermal ∞nductivity. 

At first， reaction mechanism and 問uation of reaction ra旬 of

cyclohexane dehydrogenation around 9 kPa and 4ち K wぉ decided.

Adso中tionof cyclohex却 emolec叫esto the ca凶 ystsite is the controlling 

step under 10 kPa of partial pressure of cyclohexane. The rate of 

cyclohexane dehydrogenation was controlled by adso中tion rate of 

cyclohexane molecule to the catalyst surface. 

Conversion and temperature distributions in tube wall r凶 ctorand fixed 

bed r'伺 ctorwere studied. The temperature and conversion distributions are 

n訂 rowerin radius than those of the fixed bed reactor， and the wall type 

r伺 ctorwas preferable for use in CHPs. 

Propriety of由issimulation model was shown. Tube wall reactors of 

2-12.5 cm length and with 3∞μm thickness of catalyst layer inside the tube 

were prepared. Calculation results matched experimen凶 resultsweJJ. 

Design for a ∞mpact tube wall r伺 ctorwas proposed. 1 ~ has been shown 

that compact tube wall reacωr could be designed by reducing diameter of 

r回 ctorωbeand by increasing catalyst thickness. 

pr∞ess design for tube wall reactor was also propo舘 d.ln some cωes， 

there is no need for a feed preh回旬rfor tube wall reactor. This causes cost 

down and flexibility for pr，α~ss design. 
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1 DETERMINATION OF EQUATION 

CYCLOHEXANE DEHYDROGENATION 

was assumed to occur on inside surf ace紅白.

As reactant gぉ flowsinside tube， cyclohexane diffuses to inside surface 

of the catalyst and dehydrogenation∞curs on inside surface. The reaction 

temperature is出eぬmeas inside surface temperat町 eand the reaction heat is 

supplied from outside tube and inside gぉ.

Bound可ylayer exists on inside surface. This causes resistance to heat 

and mass transfer， between reactant gぉ andinside 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. 

OF 

5 To estimate the performanαof tube wall rl飽 ctor，equation of reaction 

rate must be deterrnined. In出isstudy， target reaction is cyclohexane 

dehydrogenation. Langmuir -Hinshel wα対 modelwas assumed to de句rrnine

出e何 回tion.The chemical reaction is expressed in equation(7.1). 

10 

473K 
Cdl12 + 206 kJ/moleφ Cdl6 + 3H2 (7.1) 

10 

15 

pνAh匂/AIcatalyst with 30μm thickness wお山ed7). Differential reactor， 

出eぬmeapp訂atusas in chapter 2， wお U鎚 d.

Before the reaction test， reactivation of the catalyst was done by 

oxidation in air at 623 K for 12 h and reduction in hydrogen str，悶mat 623 K 

for 2 h. Cyclohexane diluted by nitrogen (dilution ratio was 10) flowed at a 

rate of 7.5 ml・cyclohexane/hand出e∞ncentrationsat inlet and outlet gases 

of the reaction tube were determined with GC equipped with FID (Shimazu 

.GC-8A). is as follows: 

15 

Based on these results the following assumptions were made: 

1) Temperature of outside surface is s紅neas出atof heat media. 

2) Axial diffusion may be negligible. 

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

to be the same. 

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

20 

(7.1) 

i) Heat balance 

2 MATHEMATICAL MODEL OF TUBE WALL 
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2. 1 Model of tube wall reactor 

Model of tube wall reactor is shown in figure 7.1. Inside diameter wぉ

2 mm -10 mm， thickness of ca:凶ystlayer was 30μm・3∞μm. Though 

platinum particles訂 'edistributed within actual catalyst layer， the p担ticles

were suppo民dto exist on inside surface of the catalyst layer and the reaction 
(7.2) 

ii) Material balan∞ 
ハ
川
リ、，、

ω

n
U
 

X
一R

ぺ
C
宍

U

I
一R+

 

守
一
ピ

ペ
C

コU
D

一u+
 

は
一
白

125 126 



---，...-

CHAPTER 7 SIMULA TlON OF  TuBE W ALL REACTORS CHAPTER 7 SIMULAτJON OF  TuBE W ALL REACTORS 

nu 

仁
r

一
ト一
Y
1

M

一G+
 

X
一R

「

U
て
U

I
一R+

 

守一

r

「

U
て
U

D
一u+

 

ば
一
白 (7.8) 

The boundary conditions are: 

5 

x= 0， T=To (7.3) The boundary conditions訂 e:1) z=0 

2) R=O aT/ aR= 0， ax/ aR =0 (7.4) 

1) z=u x=O， T=Tt。 (7.9) 

10 3) R=Riw δX/δR=-rw.M(G・u.D.Yo) (7.5) 

2) R=u aT/ aR=O， ax/ aR=O (7.10) 

-ke. a T/ a R = 
hw .(Tiw-T) = (-H)・(-rw)キ(kc/d)・'(Tiw-Tw)

10 

ax/ aR=O (7.11) 3) R=Rw 
(7.6) 

-ke. aT/ aR=hw・(Tiw-T) (7.12) 
15 

20 

2.2 Model of fixed bed reactor 

Reactor tube is 25 mm in diameter. Catalyst particles 3 mm in diameter 

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 

ぬmeas that of outside wall. 

2.3 Physical properties 

Table 7.1 shows physical properties. These properties訂 'eref erred to 

Kagaku Kogaku Binran 5) and calcula民dusing equations aπanged by Sato 8). 

It should be noted that the diffuslon c侃 fficientof cyclohexane and thermal 

efficiency in fixed bed reactor訂 equite different from those of tube wall 

15 

i) H回 tbalance
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reactor. 

(7.7) 

Thermal conductivity of PtJ Ah匂/Alcatalyst was calculated using series 

model. Figure 7.2 shows changes of thermal conductivity of alumina layer. 

The thermal ∞nductivity drops rapidly with alumina thickness. 

Thermal ∞nductivity of anodized aluminum pla臼 wasmぬ suredas 105 

kcal/(m.h.k). The thickness of alumina layer on bo由 sideswぉ 10μmand 

aluminum thickness was 3 mm. The calculated value at 20μm of alumina 

layer was almost the鈍 meas the measured value， SO白ismodel was 

お
25 

ii) Material balance 

127 
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appropriate. on the other hand， thermal conductivity of fixed bed reactor 

wallwぉ assumedto be very large. 

2.4 Calculation 

The solution of Eqs.(7.1)・(7.12)wぉ solvedusing the conventional 

me出od on a 凶 ingpersonal∞mputer 1)6). Reaction rate which is 

determined by experimental wasωed. Parameters using this simulation are 

shown in Table 7.2. 

129 
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Table 7.1 Physical properties 

Tube wall r凶 ctor Fi xed bed reactor 

Diffusion coefficient of 
feed gas， D [m21h] 0.731 0.183 

Heat capacity of fl印d
gas， Cp [J/(kg.K)] 2.13・1伊 2.13・1()3

Thermal ∞nductivity 0.03 0.115 
ke [W/(m・K)] (Gas phぉe)

Film coefficient of heat 
transfer， 30 -130 130 

hw [W/(m2・悶]

Reaction enthalpy 206 206 
H比J/mol]

Table 7.2 Reaction conditions 

Tempernture of inlet gas， [K] 473 

Tempernture of heat medium， [K] 473 

Feed gas flow rnte， G [kg/(m・s)] 8.83・10-3
Tube wall reactor， 2 -10 

Diameter of陀 actor，[mm] -・ 4・・・・・・・・・・・・・・・・・・・・・・・・・・・圃・・・ a・・・・・・・・・・・・・ a・・・・・ a・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・

Fixed bed reactor， 25 

Conversion of inlet gas [-] 。
Conversion of outlet gas [-] 0.3 

A vernge catalyst particle size， 3 

[mm中] (Fixed bed reactor) 

Thickness of catalyst layer， 30-3∞ 
fJ.tm] (Tube wall reactor) 
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lnitial reaction rate is givenぉ follows:

3 RESUL TS AND DISCUSSION 
ro=kw.Pc (7.17) 

5 3.1 Reaction kinetics 5 

Eq.(7.13) shows reaction equation of cyclohex釦 edehydrogenation. 
Then， reaction rate constant is， 

Cdl12 + 206 kJ/mole ~ Cdl6 + 3H2 kw=ro/Pc (7.18) (7.13) 

。U'且 Many kinetics have been reported∞nceming this reaction， using the 

Langm uir -Hinshel wα対 model:

1) Cyclohexane adsorption to the catalyst is controlling s包punder 10 kPa 

of cyclohexane pressure using Niωtalyst 3)9). 

2) Desorption of generated benzene is controlling step over 10 kぬの.

3.2 Experimental results and kinetic model 

Figure 7.3 shows initial reaction rate changes with partial pressure of 

cycIohex組 e.The Initial reaction rate increased Iinearly with the pressure of 

cyclohexane. The experimen凶 resultsmatched the kinetic model well . 

Figure 7.4 shows rolP c changes with Pc. Reaction rate constant was 

measured byarrhenius. The activation energy of出isreaction Is 91.5 kJ/mol 

(Figure 7.5). This value is almost the same as that in a previous paper 9). 

Equation of cyclohex組 edehydrogenation could be written as follows. 

10 

15 15 

In出isstudy， reaction pressure is less than 10 kPa，出esameぉ 1)and 

adso中tioncontrolling model was assumed， and the reaction ra句 isshown in 

Eq.(7.14). 

20 
1_ Pc一九-PL-KLI

r= K." . -
向 w l+K・P..'P:.' K:J +K..' Pn+K..' P H ""p 

r=kW.(Pc-PB・PH3Kp-l) (7.19) 20 

(7.14) 

kw=3.46・1011・exp(-11 OOO/D (7.20) 

25 

In血iscondition， 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). お

K p=exp( -26400IT +47.6) (7.21) 

1 > > KC.PB・Pif.Kp-l， KB ・PB，KH・PH
3.3 Calculated results of tube wall reactor and fixed bed reactor 

Figure 7.6 shows calculated results of tem戸ratureand ∞nversion 

distribution with cata1yst length in tube wall reactor. Reactor diameter is 10 

mm and velocity of cyclohexane is 0.04 mJs. Temperature drop on出e

(7.15) 

30 r=kw・(Pc-PB・PElKp-I)
30 

(7.16) 
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swface of cata1ytic wall is about 0.15 K. ηlIs shows tube wall reacωrhas 

high thennal conductivity. Radial temperature and ∞nversion distribution is 

almost zero. 

Figure 7.7 shows calculated results of temperature and conversion 

distribution with r伺 ctortube length in fixed bed reactor. Reactor diameter 

is 25 mrn and cyclohexane gas vel∞ity is 0.04 m/s. 

Maximum temperature drop is 40 K叩 dit ap戸arsat some distance 

below the inlet. Conversion difference between wall and αnter is large. 

ln the center， cyclohex組 e dehydrogenation is stopped by low 

temperature. Conversion change in出isp訂tis caused by diffusion of 

genera旬dbenzene and hydrogen from the wall. Thus， it is clear that heat 

transfer from wall to center is the controlling step in the fixed lx対 reactor.

The leng白 oftube wall reactor showing conversion 0.3 is 2 m and出isis 

10 times longer th叩 thatof the fixed bed reactor. But the ca凶 ystvolume of 

tube wall reactor showing conversion 0.3 is 114 of白atof fixed bed reactor. 

Therefore， tube wall reactor tends to be larger but the ca凶 ystvolume is 

small and the catalyst is凶 edeffectively for reaction. 

3.4 Effect of tube diameter on conversioo 

The catalyst tube diamet怠rwぉ changedfrom 10 mm to 2 mm. 

Conversion and temperature changes wi出 ωbecatalyst leng出 W出 shownin 

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 

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

115 of the previous tube wall reactor. 

3.5 Effect of thickness of catalyst layer 00  conversion 

It has been reported that出eca凶 yticreactivity increased with thickness 

of alumina layer. Effect of the thickness on the conversion is shown in 

figure 7.9. The thickness wぉ assumedto be 3∞μm. Catalyst tube 

4iameter was 10 }Jm. 
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Cata1yst tube leng也 showingconversion of 03 is 0.2 m which was出e

same出血atof fixed bed r，ぬctor.Inside swface temperature decreぉesabout 

1 K by dehydrogenation reaction and heat町田四ferto白eω凶 ystis not 

controlling in spiほ ofthe fixed bed r凶 ctor.By incr，回singthe reactivity per 

unit area， catalyst length cou]d be shortened and reactor vo]ume decreases. 

3.6 Effect of iolet gas temperature 00  cooversioo 

Usually， reaction gas is preheated釦 dsupplied to rl伺 ctor. Eff ect of 

omission of this preh伺 ton conversion is calcula~ and these results are 

shown in figures 7.10， 7.11. Inlet gas temperature wぉ supposedto be 373 

K. 

In the fixed bed reactor， the conversion of outlet gas decreased by 

omission of preh鎚 t.This is becau関白ermalconductivity inside the r，ωctor is 

low and heat for reaction could not be supplied. 

on the other hand， in the tube wall reactor， the thermal conductivity is 

high釦 dheat for reaction is supplied from rl回 ctorwall， and the reaction ωn 

pr∞民d. The gas temperature increases to the wall temperature at some 

distance from the inlet but surface temperature is almost the鈍 meas in the 

偽記 ofpreh伺 ting. This is because heat ca戸cityof gas is smaller出m

reaction heat Therefore， preheater of reaction gasωn be omitted for tube 

wall reactor. Thi s gi v es∞st down for∞ns凶 ctionand flexibility for 

pr，∞ess design. 

3.7 Evaluation of Simulatioo results 

Propriety of the simulator of tube wall reactor wぉ investigated.Tube 

wall r，回ctorwith PtI Ah匂 ω凶 ystlayer on inside surf ace was prepared by 

出e回memethod as previously reported in chapter 3. The ca凶 yst出ickness

W出 about3∞μm.Catalyst length using this examination was 2・12.5cm. 

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

calculated conversion ch釦 geswith thickness match the experimen凶 results

. well. Therefore. this simulation is a reasonable model. 
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hw : film coefficient of heat transf er 

K : adso中tionequilibrium∞n皿ant

Kp : equilibrium constant in equation (13) 

kc : thermal conducti v i ty of出ePtJAb匂 IAlω凶yst

LW.m-1・K-IJ

Nomenclature 

CONCLUSIONS 

5 

In this chapter， reaction kinetics of cyclohexane dehydrogenation訂 e

studied. Using the results， simulation of tube wall reactor wぉ investiga民d

and com pared wi th fixed bed r伺 ctor.The following are examined. 

Cp : heat capacity of t・閃dgas

D : diffusion cぽ fficientof f，民dgぉ

d : thickness of the PtJAb03/Al ca凶 yst

G : feed gas flow rate 

H : reaction enthalpy 

10 

1) Kinetics of cyclohexane dehydrogenation were studied. Cyclohexane 

adsorption to the catalyst site is controlling s句punder 10 kPa of 

cyclohexane pressure. Equation of cyclohexane dehydrogenation wぉ

deteロnined.

10 

2) Conversion and temperature distributions in tube walI reactor and fixed 

bed reactor were studied. This simulation model matched experimental 

results well. 
ke : thermal ∞nductivity in the r，回，ctor

kF : reaction rate constant 01" the catalyst 

in the tixed-bed reactor 

k w : reacti on rate∞n坑antof the PνA1203/Al 

catalyst 

M : average molecular weight of the reactant 

P : partial pressure 

R : radial c∞rdinate of the r回.ctor

15 
15 

3) In the fix bed reactor，旬mperaturedifference between center and wall 

of reactor is large and heat tnUlsfer from the wall to出ecenter is the 

controlling step. 

20 

4) In the tube wall reactor， thermal conductivity is large and reaction is the 

controlling step. The catalyst volume is small but the reactor volume is 

larger than a fixed bed reactor. 

u・kg-1・K-l]
Lm2・h-lJ 

[m] 

Lkg.m-~・ lJ

υ・mol-1]
LW・m・2・K-lJ 

l出 n-1J 

[出n3]

LW.m-1・K-IJ

[mol.h-1・m-3・瓜m-1]

[mol・h-l・m・2.atm-1]

Lkg・mol-1J 

LatmJ 

[m] 

rF : reaction rate of the ca凶 ystin the fixed-bed reactor 

[mol.h-hm-3]，[mol・S-l・m・3]

25 5) Volume of tube wall reactor reduces by increasing high ca凶 ystvolume 

per unit. SmalI ca凶 ysttube diameter， decreased from 10 mm to 2 mm， 

or increase of catalyst thickness from 30μm t03∞μm， reduce rl伺 ctor

volume. 

rw : reaction rate of the PνAl203/Alωtalyst 

30 6) There is no n民 dfor feed preheater for tube wall reactor. This gives 

∞st down and flexibility for pr∞ess design. 
A
H
H
U
 

‘a
、dw

T : temperature 

u : reactant gぉ veI∞ity

X : converslon 

Y : mole fraction 

Z : axial c∞rdinate of r伺 ctor

ε:  poroslty 
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CHAPTER 7 SIMULATION OF TuBE WALL REACTORS 

Tem戸rature祖 d∞nv町si∞distributi∞sin radius of tube wall reactOJ'S we詑 calculated

by血isprogram. This司mulationprogram wぉ writtenby N88BASIC. 

PROGRAM LIST 

5 ・filename MSIMQM 92/6/24 ，GE=50，3∞μ=G叫 0，LMAX=2m，RW=1mm(半径
)M624R2T.PRN 

10 ・ プレート型触媒反応器の設計
20 ・ 陽解法による 2次元的解法
21 
30 DEFINT I，J，M，N 
35 M=10 ・M:半径方向の分割数10
40 DIM TO{M)，T1 (M)，FO(M)，F1 (M)，RO(M)，Rl (M)，S(M)' 
46 RW=1/1α氾iii): LMAX=2iii) 
52 Q$="624R2rQ$:ファイルネーム
57 Q$=Q$+..PR附 :OPENQ$ FOR OUTPUT AS #1 

'データを書き込むファイルをオープンする
70 ・ データの入力部分
151 DE=O.73 : GE=50耐) ・DE:ガス有効鉱散係数[cm/s]
152 G=.∞882む E: AMA V=.084 : YO=l : TW=2ωii) : TINI=2∞iiO : FINI=O 
153 CPM=2130! : DHR=206α)()! : KE=.03 : HW=130・ke，HW
154 FMO=.25 : PT=l iii) : TH=10iii): EPSI=.05 ・:KC=407∞! 
155 KC=1/(3∞ii}e-6/2+3e-3/210)*3e-3/3e-3 
160・パラメータ

165 U=(G*lα)()/84)*(.0224*(473/298)*(1 +有-i))*1∞・線速度[cm/s]
170 ALP=(一DHR)/G/CPM: BET=AMAV IG/YO 
180 KAPA=(KE)/G/CPM/RW : DELT=DE/(U*(RW*l∞)) 

TMO=FMO/DEL T*KAPA 
182 PRINT .FMO M;FMO;-， TMO.;TMO 
183 PRINT .KC .;KC; ~;U 

185 IF TMO>.5 THEN TMO=.25 : FMO=TMO*DEL T lKAPA 
190 AM=M: DY=l / AM : DX#=DY*DY事TMO/KAPA
2∞DL#=RW*DX#/2:N#=LMAXlDL#:HK斗iW*(KC/(KC+HW))*RW/KE

刊K:総括伝実現

201 NPRINT#=N#/2∞:PRINT .NPRINT# M;NPRINT# 
202 NPRINT=附T(NPRINT#)
205 PRINT ・DELT=.;DEL T;・:DX =-;DX#;M:DL=.;DL#;.:FMO=・;FMO;M: TMO=.; 

TMO 
206 PRINT 
210・入り口温度と反応率の分布

220 FOR 1=0 TO M-l : TO(I)=TJNI : NEXT I 
230 FOR 同 TOM : FO(I)=FINI : NEXT I 
240 TO(M)=(TO(M-1 )+HK寧DY*TW)/(l+HK*DY) 
250・ パラメータとデータの表示
260 A$=" ##.#非##…-M: C$=A$+. T:・+A$+A$+A$+A$
270 8ド F:.+A$+A$+A$+A$

280 0$=-##.####…~ 
290 PRINT岡 本 牢 帥DATA**柿・

3∞PR附TUSING. M =### N =##柑-;M;N#
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410. PRINrAX.lNC AX.LENGTH Y=O.O Y=0.5. +・
Y=1.0 AVE..:PRINT 

420 IS=M/2 
430 ・ 反応器入り口の条件
440 FOR 1=0 TO M :S(I)=TO(I) : NEXT 1 
450 GOSUB 1α氾:TMINO=SAV 
460 L=O: J=O 
470 PRINT USING.1I1111 11 11 ・+C$:J:し;TO(O);TO(IS);TO(M);TMINO;
480 FOR 1=0 TO M : S(I)=FO(I) : NEXT 1 
490 GOSUB 1α刃:FMINO=SAV 
5∞PR附TUSING B$;FO(O);FO(lS);FO(M);FMINO :PRINT 
505 PRINT #1 ，L， TO(O)，TO(M)，TMINO，FO(O)，FO(M)，FMINO 
510 FOR 1=0 TO M 
520 T=TO(I)+273.15 : F=FO(I) 
530 GOSUB 1500 : RO(I)=RA TE 
540 NEXT 1 
550・計算開始
560 ALPDX=ALP*DX#:8ETDX=BET*DX# 
570 HKDY=H附 DY :HKDYiW=HKDY灯W
575 N!=附T(N#)
580 WHILE L<LMAX 
585 J=J+1 
590 L=L+DL# 
6∞ FOR I=OTOM 
610 RAS体制1)
620 RA V=.5*(RO(I)+RASM) 
630 IF 同 THEN640 ELSE 670 
斜o T1ω)=TOω)+併 TMO*(T0(1)-TO(O)) ・中心部

650 Fl (O)=FO(ω+4年MO*(FO(l)-FOω)) 
660 GOT0770 
670 IF I<>MT刊EN680 ELSE 710 
680 T1 (I)=TO(l)+ TMび ((1+.5/1)*TO(I+1ト2灯 0(1)+(ト .5/1)*TO(I-1)) 

中間部
690 Fl (I)=FO(l)+FMO*((l +.5/I)*FO(I+1)-2*FO(l)+(ト.5/1)*FO(ト1)) 

7α) GOT0770 
710 T1 (M)=(T1 (M-1 )+HKDYTW)/(l +HKDy)+A印 DX*RAV
720 F1 (M)=FO(M)+2*FMO*(FO(M-l )一FO(M))+BETDX*RAV 

730 T=T1 (1)+273.15 : F=F1 (1) 
740 GOSUB 1500: Rl(l)=RATE 
7回 IFABS((R1 (I)-RASM)/RASM)<=EPSI THEN 770 

760 RASM=R1(1): GOTO 620 

770 NEXT 1 
780・結果の表示
790 IF J <> NPRINT THEN 860 
800 FOR 同 TOM : S(I)=T1 (1) : NEXT 1 

810 GOSUB 1α刃:TM1=SAV 
820 FOR 同 TOM : S(I)=F1 (1) : NEXT 1 

830 GOSUB 1α刃:FM1=SAV 
840 PRINT USING.###柑・+C$;J;し;T1(0);T1 (IS);Tl (M);TM1; 

850 PRINT USING B$;Fl (O);Fl (IS);Fl (M);FM1 : PRINT 

855 GOSU82αx) 

857 J=O 
860・ 次のステップの準備
870 FOR 同 TOM
880 TO(IドTl(1) : FO(IドF1(1) : RO(I)=Rl (1) 
890 NEXTI 
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910 WENO 
915 CLOSE#l 
920 ENO 
1α氾・

1∞1・シンプソン法による断面平均値の計算
1010 MM=M/2-1 : SUM=O 
1 020 FOR JJ=1 TO MM 
1030 X2=(2*JJ-l )*OY : Y2=X2*S(2*JJ-1) 
1040 X3=X2+0Y: Y3=X3*S(2寧JJ)
1050 SUM=SUM+4*Y2+2寧Y3
1060 NEXT JJ 
1070 SAV=2*OY 13*(SUM+4*S(M-l )*(M-l )*OY+S(M)*M*OY) 
1080 RETURN 
1490' 

15∞・ 反応速度の計算
1 605 K=3.46E + 11 *EXP(ー110∞IT)
1610 KP=EXP(-26490/T +47.6) 

1630 A=PT 1(1 + TH+3本F): PB=F*A : PC=(1 -F)*A : PH=(3*F)*A・:PT=PB+PC+
PH 

16初 RATE=附 (PC-PB*PH-3/KP)/36∞*10i) ・[mol!(h.rが)]
1650 RETURN 
1990' 
2000・データの保存
2010 PRINT #1，L， T1 (0)，T1 (M)，TMl ，Fl (0)，F1 (M)，FM1 
2020 RETURN 

P ARAMETERS 

Following parョmeterswere used in血is出回is.

( 1) Reaction rate constant 

Reacti∞rate∞isstant of catalyst layer with 30μm白血ickw剖 usedas standa.rd. In 

this program， the reacti吋tyw部出swnedto be 10 times 1arger白血 thestandard 

reacoV1ty. 

(2) Thickness of catalyst layer 

Standard血icknessofω凶 ystlayer was 30μm. Thermal c叩 ductivity of catalyst 

d民 reasedwith thickn回 sof catalyst layer. In出ispr(事 am，the thickness was assumed 

10 be 3∞μm. 

(3) Another戸 rameters

Following par細 etersw町ech姐 gedto calculate perf四四an∞ofωbewall reactぽ.

R回瓜 恒 length江ふ{AX)，Tem戸ratureof heat medium of oul side of tube wall reacωr 

σW)， lnIet gas tem阿 ahlreσ町 1)，Mass flow of react血 t(GE)， Total press眠前)，

D姐凶ionrateσH). 
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THE TuBE W ALL REACTOR 

Chemical heat pump (CHP) pr'α;esses utilize endothermic chemical 

reactions and their exothe口nicreactions to upgrade industrial wぉteheat 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 fonn of stable chemical substances without 

energy loss. Therefore， an early realization of CHP systems for a practical 

application is ex戸~ted in various fields of industry and in wide ar関 Sof 

energy凶 age. Recently the CHP sys匂m，using the reaction couple of 

cyclohexane dehydrogenation at 4'乃 K，under 0.1 MPa，初d benzene 

hydrogenation at 623 K， 2.0 ~担当 (Figure 1.3) driven by compression work 

has been proposed :Z). The system is an interesting way to back up出eUT・3

cycle for heat and hydrogen storage 3). Furthermore，出isCHP can be tied 

up in the world energy network (WE-NET) system， which has been proposed 

for the intemational transport of thennal energy in the form of hydrogen 4). 

In this chemical heat pump， it is important that the mutual 

transf ormation between thermal energy如 dchemical energy isωsily done. 

Therefore a tube wall type reactor (TWR)， which has layered ca凶 yston the 

inside surface of the meta1 tube lx対yhas 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 PtJ Ah匂/Alplate匂伊 α凶 ystwhich has high thermal ∞nductivity. 

The PtJAh03/Al plate type catalyst is prep訂 edby叩 odicoxidation of a 

∞，mmercial aluminum plate to produce alumina filmぉ acatal yst support， 

following by hot water treatment in ch1oroplatinic acid solution to increぉe

BEf surface area of the alumina film and simultaneously to impregn低e

platinum as a ca凶 ysts戸cies則的. ηle conditions f or p陀戸ringa catalyst 

film of any thickness under 3∞μm was established 7). 

ln the TWR， the endothermic or the exothermic reaction takes place on 
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the r，回ctorwall. Simultaneously， also the heat of the reaction is r民 overedor 

supplied through出esame reactor wall. The present study deals wi出 the

performanαof a TWR which transforms thermal energy into chemical 

energy efficiently by endothermic reaction of cyclohex組 edehydrogenatio札

The chemical reaction is expressed in equation(8.1). 

Cdi12+206 kJ/moleφ Cdi6 + 3H2 (8.1) 

The following p副首netershave been studied in the present investigation: 

(1) Calculation of the TWR and∞mparison with the performanαof a 

clぉsicalFBR by simulation 

(2) Development ofω凶 ystsin sha戸 oftube wall， fin-tube and fin-plate 

1 DESCRIPTION 

1.1 Temperature and conversion distribution in the reactors 

1n this paper，∞nverslon m凶 ns∞nve民間ioof cyclohexane into 

benzene and hydrogen. To estimate the performance of a TWR如 dto 

comp訂 eit with the perfo口nanceof a FBR， conversIon and temperature 

distributions in the reactor tube are calculated in a simulative蜘 dy. Radial 

and longitudinal distributions of旬mperatureand conversion in ooth types of 

reactor are calculated by using the rate 何回目on for cyclohexane 

dehydrogenation determined from experiments 9)10). The outside wall of 

bo出 reactorsis assumed to be in contact with pressurized liquid water of 473 

K (Figure 8.1). The r'閃 ctorvolumes are comp訂 edat出econversion of 0.3 

(90 % of the equilibrium∞nversion). The pressure drop in the TWR is 

calcula凶 byFANN1NG's equation and in theωse of the FBR the ERGUN's 

equation is used. Physical properties and reaction conditions訂 eIisted in 

table 8.1. 
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Table 8.1 Physical properties and reaction conditions 

TWR FBR 

Diffusion c叩 fficientof f，伐dD [m2/h] 0.731 0.183 

Heat capacity of gas Cp [J/(Kg xめ] 2.13 x 1伊 2.13 x 103 

Thennal conductivity ke [W/(m xめ] 0.03 0.115 

Film coefficient of heat transfer 

hw[W/(m2 x K)] 3ふ130 130 

Reaction enthalpy 

l:i H [K.J/mol] 206 206 

Temperature of inlet gas [K] 4ち

Temperature of heat medium [K] 473 

Feed rate G [kgl(m2 x s)] 44.2 x 1ひ3

Diameter of reactor [mm] 10 (TWR)， 25 (FBR) 

Conversion of inlet [-] 。
Conversion of outlet gぉ[ー] 0.3 

Catal yst particle [mm φ] 3(FBR) 

Catalyst layer [}lm] 270(TWR) 

1.2 Variation of the heat input capacity with reactor scale 

The heat input capacity of the endothermic reactor was calculatedぉ a

function of the size of the r伺 ctor. Figure 8.2 shows a unit of the model 

reactor used for the simulation. In the cぉeof the TWR， the catalyst layer is 

formed on出einside walls of the double-pi戸 heatexchanger tubes (10 mm in 

diameter， Radius of reactor tube， Rw=10/2). The thickness of the catalyst 

layer is 270μm. In the FBR the reactor tube is filled up wi白 血ecatalyst. 

The diameter of the r，伺ctortube and of the PtJ Ab03 catalyst particles are 25 

mm (Rw=25/2) and 3 mm， respectively. The arrangement of the r聞はor

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

One basic r伺 ctorunit is 0.6 m in width， 1.2 m in height and 3 m in length. 
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The heat inputωpacity of one unit is 42 kW. The complete endoLhermic 

model reactor contains several of these units in order to obtain the heat input 

capacity req山red.

2 RESUL TS -AND DISCUSSION 

2.1 Pressure drop for the reactor 

The pressure drop f or bo血 reactortypes is shown in figure 8.4. ln 

the FBR， the pressure drop is about 1∞times larger than出atin the TWR， 

since the reactor tubes訂 'efilled up with the catalyst p訂 ticles.Theref ore， Lhe 

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 

scal e up the endotheロnicreactor. In this context the heat input capacity of 

both rぬ ctorty戸sis compared at a different reactor size. 

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

The variation of the r回 ctorvolume with the heat input capacity are 

shown in figure 8.S. While the reactor volume in the TWR is a1ways 

proportiona1 to出ecapacity， the increment of the reactor volume in the FBR 

increases with the capacity. When出einput capacity is more than 42 kW， the 

TWR becomes smaller than the FBR at the same capacity. The r，伺sonfor 

this behavior is the pressure drop which increases in the FBR rapidly with the 

reactor volume. This press町 edrop restrains the chemical equilibrium and 

出usdiminishes the conversion. Therefore， in a large system出eTWR is 

much more favorable th初出eFBR.

(2) Variation of the heat inputωpaci ty w i th catal yti c reacti v i ty 
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A large heat input capacity per reactor volume (heat input capacity 

ratio) reduces the size of the endothermic r，回ctor.The variation of the heat 

input capacity WIth the r，回ctivityis 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 ca戸cityof the FBR remains small in spite of an improved 

reactivity. This can be expl出nedby出erωson出atthe heat conduction f rom 

the wall to出ecenter of the reactor tube is the rate controlling step in 

cyclohex佃 edehydrogenation. 

2.3 Applications of wall type reactor with heat exchanger 

function 

The fin-tube cataJyst whose fin surface has been modified into pt catalyst 

by anodization and hot wa旬rtr，伺tmentis shown in figure 8.7. Origina11y 

the fin tUbe has been designed for the use in a commercia1 heat exchanger， 

whose inner diameter and the length are 25 mm如 d1∞mm respectively. 

The spirally attached fin plate was 11 mm in width and 2 mm in pitch. The 

total app訂 entsurface area of the fin wぉ 0.5m2. When the surface is 

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

this size is ex戸ctedto be an endothe口nicreactor of about 720 W for 

cyclohexane dehydrogenation. Figure 8.8 shows a∞nceptional model of 

由efin-tube reactor. Equipped with the catalyst shown in figure 8， the 

reactor serves simultaneouslyぉ aheat exchanger. 

An attempt has been m~e to design 叩 dfabricate a∞πuga民d

aluminum plate to increase surface ar開 isshown in figure 8.9， whose 

surf ace has been m吋ifiedinto ptωtaly抗出 theformer fin-tube surface. The 

plate is expected to be a p副tof 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. 

153 



5 

10 

15 

20 

CONCLUSIONS 

CHAPTER 8 DESIGN AND PERFORMANcE OF 

Tm: TuBE W ALL REACTOR 

The following conclusions are drawn from the present investigation: 

1) The performance of up-scaled r，回.ctorswぉ calculated. For heat input 

ωpacities over 42 kW the volume of the TWR is smaller出anthe 

volume of the FBR. 

2) Thermal conductivity must be improved in the FBR to make the 

endothermic r，凶.ctormore∞mpact. on the other hand， a∞mpa.ct 

r伺.ctor.can be designed by use of a highly reactive .catalyst in the TWR. 

For this reactor句ド theheat input ωpacity is proportional to出e

reactlvlty. 

3) The.ca凶ystlayers have been formed on the surfaces of fin-tube and fin・

plate type heat ex.changers. The fin-tube rω.ctor wぉ ex戸ctedto be釦

endothe口nicreactor of 720 W for .cyclohexane dehydrogenation. 
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Rw = Radius of reactor tube [m] 
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INTRODUCTION 

CHAPTER 9 PERFoRMANCE OF  CBH  CHE恥UCALHEAT 

PUMP WITH TuBE W ALL REACTORS 

A chemicaI heat pump with the reaction ∞uple of cyclohexane 

dehydrogenation at 473 K and benzene hydrogenation at 623 K ( 

cyclohexane/be回 ene/hydrogenchemicaI heat pump， CBH-CHP) has been 

proposed to pump up industrial waste heat and to back up山eUf-3 

thermochemical hydrogen prl∞ess as a h回 tand hydrogen storage system 

1 )2). The chemical reaction is expressed in 何回tion(9.1). 

473K，O.lMPa 
C6H12 

+ 206 kJ/mole~C6H6+3H2 (9.1) 

623K，1.6MPa 

A high coefficient of performance (COP) of over 3.0 and also high thermal 

efficiency of more than 80 %訂eneeded for the utilization of CBH-CHP 1). 

In the CHP， thermal energy transfers into chemical energy through 

endothe口nicreaction at low temperature and the chemical energy tums mto 

thermal energy at high temperature through exothermic reaction. Then， this 

system can store thermal energy or deplete thermal energy by controlling the 

endothermic or exothe口nicchemiω1 reacti ons. The system peげormance

(COP and thermal efficiency) under heat storage and heat pump ope凶 mg

mc刈eshave never been studied. In this chapter， following items were studied 

for CBH-CHP with 1∞kW output of exothe口nicreactor by using a pr∞ess 

simulator， ASPEN plus. 

1) Estimate the effects of the use of tube wall reactor for the CBH-CHP 

2) Propose the new prl∞ess flow which shows constant COP and thermal 

efficiency under heat storage and heat pump operating modes 

3) Calculate the perf 0口nancechange in transient state between heat storage 
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and heat release operating modes 

4) Fix the operating par司 netersto control the CBH-CHP system. 

1 METHOD OF SIMULATION 

1.1 Process simulator， ASPEN plus 

ASPEN PLUS (Ver.8ふ6，ASPBぜTECH.JAPAN) wお山edto estimate 

process perf orm組 ces. Model manager employed a personaJ computεr(lBM 

comp砥ible，CPU 4860X2/66 MHz， RAM 16恥m，HD匁 OMB).

1.2 Process now of CBH-CHP 

Output of exothennic reactor was 1∞kWin血isstudy. Classical CBH-

CHP system used one flぉhafter the endothennic reactor to reduce 

compression work. Hydrogen and org也氏 substancesare separated in曲目

nash. ln thisωse， one more f1ash after the exothennic reactor is installed to 

facilitate出eendothe口nicreaction. The separated hydrogen is compressed 

and supplied to exotheロnicr侃 ctor. In heat storage operating mode， 

hydrogen is discharged from the hydrogen gas line to hydrogen tank to 

control the exothennic reactor， on the other hand， hydrogen is charged into 

the exotheロnicreactor to promote the exothermic reaction. The pr∞ess 

now is shown in figure 9.1. 

This new process is composed of two reactors， two f1ashes， three heat 

exchangerち， five pumps. Bl∞k # 1 R 1 i s an endothermic r，回ctor釦 dR2 is 

exothe口nicreactor. ln出ispr，ωess， pressure loss of both reactors is zero， 

using TWR. In order to reduce the work of compressor flashes Fl and F2 

訂 einstaJled. Hl，H2， H3 and H4訂 eheat exchangers to recover latent heat. 

Streams 10 (SID) 20-25訂 ehydrogen gas lines. S1024 gωs to the hydrogen 

storage tank or UT-3 cycle ，組dSI025 comes from the hydrogen storage 

tank or UT-3 cycle. 
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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 endothennic reaction heat ) and the heat upgraded 

by the cycle (exothennic reaction heat at R2 ). 

事f_Ueat upgrated 
Heat suppued 

(Exothermic reaction heat ) 
( Endothermic reaction heat ) (9.2) 

The COP (Coefficient of perfonnance) is given by the ratio of the removed 

high旬mperatureheat to the energy supplied to the compressors. 

Removed high temperaωre heat 
COP = 

The enel宮)'supplied to the compressor 

COP : Coefficient 01 Peゆrmance

2 RESULTS AND DISCUSSION 

2.1 Pressure drop and system performance 

(9.3) 

The conventional fixed-bed reactor hぉ alarge pressure drop. The 

eff ect of pressure drop of the reactors on COP and thermaJ efficiency are 

studied here. 

Effects of pressure drop of exothermic r回 ctoron system perf ormances 

(COP and thermaJ efficiency) are shown in figure 9.2. COP decreased with 

pressure drop of the exotheロnicr凶 ctor.This is because e油 austpressure of 

the compressor increases with the pressure drop， and energy consumption 

increases with the pressure. 

In this prlα沼田 theeffect 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 aftεr high pressure sep訂 ationdrum， 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 systεm perf ormance組 dreactor size， tube wall 

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

2.2 Reaction pressu向。fexothermic reactor 

Figure 9.3 shows the effect of pressure of exothe口nicreaction on 

sys也m perfo口nance. The temperature of exothermic reaction wぉ 623K. 

Conversion of endothermic reaction was assumed to be chemicaJ 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 r砥eis large， because equilibrium conversion is low. Therefore， 

to凶 compressionwork is Iarge 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 1訂 ge. Then， to凶 compressionwork increased and 

the COP decreased. Theref ore， the optimum pressure of exothermic reactor 

was 1.6MPa 

2.3 Reaction conditions of endothermic reactor 

The effect of pressure of endothermic reactor on system perform釦 ceis 

shown in figure 9.4. Conversion of output of endothermic rωctor was 

assumed to achieve equilibrium. The COP increased slightly wIth the 

decrease of pressure of endotheロnicreactor. 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， cyclohex叩 e dehydrogenation can progress 

irrespective of the叫uilibrium.Figure 9.S shows the relationships between 
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the conversion of cyclohexane dehydrogenation and system performance. 

The戸rformance under eq山libriumconditions is low， the COP is 0.9 and山

由ermalefficiency is 0.12. But， beyond出eequilibrium， if出ereaction 

progresses up to 40 mol%， COP increases to 4.3 and thermal efficiency also 

increases to 80 %. Therefore， an endothermic reactor with出ehydrogen 

sep訂 ationfunction -(a membrane reactor) is n民俗鈍ryto realize出isCBH-

CHP process. 

2.4 System penormance under heat storage or heat 同 lease

Operation conditions of bo出 r回 ctors were determined by 山e

calculation results above-mentioned. The conditions areぉ follows:

1) Pressure of endothermic reaction was 0.1 MPa 

2) Dehydrogenation conversion wぉ4Omol%

3) Pressure of exothermic reaction was 1.6 MPa 

4) Hydrogenation progresses to血eeq山libriumconversion. 

The state of heat storag~ If hydrogen is p町 gedout from the pr'α;ess 

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 4'乃 Kproduces chemicaJ substances suchぉ

benzene釦 dhydrogen. 

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 concentratlOn IS 

decr，回sed.

Therefore， benzene concentration is an important factor to know 

whether the pr'α沼 田 isin a state of heat storage or in a state of heat release. 

Figure 9.6 shows sys旬m perfo口nancechanges with concentration of 

benzene at the in1et gas of endothermic r伺 ctor.COP and thermal efficiency 

訂 ealmost constant in spite of benzene concentration. This is because 

unreacted hydrogen is separa旬dafter the exotheロnicr'闘はorand cyclohexane 

dehydrogenationωn take place in a high benzene concentration. Therefore， 
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1) H伺 toutput ca戸cityshows the lowest point atωkW. After出atit 

release. I increases rapidly and is s凶 dyat1∞kW after 12 time ∞nstants. 

2.5 Process dynamics of CBH・CHPcycle 

Dynamic change of CBH・CHPbetw民 n血estatβof heat storage and出e

state of heat release were calc凶ated.

1 ) Heat release operating mode 

Figure 9.7 shows the transient state of heat rel伺 seoperating mode by 

introducing hydrogen into the prα;ess via SID25. lnitial concentration of 

benzene at SID1 is 60 mol% and initial mole flow of benzene is 0.5 mol/s. 

Effects of hydrogen mole flow on concentration of benzene. heat input 

capacity of endothermic r，回ctorand heat outputωpacity of exothermic 

r回 ctorare shown in也isfigure. Benzene hydrogen抵lonreg民 ssesdue to an 

excess of hydrogen， and the f ollowing訂 eshown: 

1) Heat output capacity shows the highest point at 230 kW and出ereIS a 

rapid faJl to 1∞kW 

2) Benzene concentration faJIs right down from 60 mol% to肘 lowest

point of 10 mol% after 1 time constant. 

3) Heat input capacity increases slightly. 

After 4 time constants， this CHP shows that dynamic s民adY state under 

benzene concentration is 10 mol % and hydrogen mole f10w is 3 molls. 

2) Heat storage operating mode 

i?igure 9.8 shows the transient state of heat storage 0戸ratingmode by 

releasing hydrogen via SID24. lnitial∞ncentration of benzene at SIDl and 

initiaJ mole flow of hydrogen at SID20 are 10 mol% and 3.5 mol/s， 

respectively. Effects of hydrogen mole f10w on concentration of benzene， 

heat input capacity of endothe口nicreactor at 473 K and heat output capacity 

at 623 K ar芯 shownin this figure. Benzene hydrogenation is controlled by 

the shortage of hydrogen， and the f ollowing訂 eshown: 
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2) There is an immediate sharp increase of benzene concentration. The rise 

brings the benzene concentration to 60 mol% after 12 time constant. 

3) Heat input ω開citydecr，ωses sli ghtl y. 

After 12 time constants，也isCHP shows dynamic steady state under benzene 

concentration is 60 mol% and hydrogen mole flow is 0.5 mol/s. This time 

constant is 12 times longer出初出atof heat release operating mode. because 

hydrogen is separated after exothermic reactor and some hydrogen is 

consumed for benzene hydrogenation. It is possible to sho目印 thetime 

∞nstant by separating hydrogen at hydrogen民 paratorof endothermic 

reactor. 

2.6 Operating par剖 netersfor heat storage and heat release 

lt is shown that the flow rate of hydrogen can control the sta1e of heat 

storage or heat releaseぉ 1have been describing. Under dynamic stωdy 

抗 瓜e.eff ects of ωtal mぉsflow and hydrogen mole flow on the heat output 

ωpacity and benzene concentration were calculated in figure 9.9. TotaJ 

mass f10w is controlled by出epump and the ∞mpressor which are located 

after the endothe口nicreactor. The hydrogen mole f10w is controlled by出e

∞mp陀 ssorwhich is placed after the exothermic問 actor. It is戸ssibleω

keep the heat output constant by controlling the hydrogen mass f10w when the 

concentration of benzene at SID1 is between 2 mol% and 10 mol%. When 

出econcentration of benzene is between 20 mol% and 90 mol%， it is possible 

10 keep the heat output constant by controlling the totaJ mole flow. In 

practical凶 e，the concentration of benzene is considered between 10 mol% 

and 80 mol%. and∞ntrolling of totaJ mぉsf10w is required. 
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In this paper， the system performance of new f10w of CBH-CHP was 

studied and the following items were established. 

1) System performance (COP and thermal efficiency) decreased with出e

pressure drop of reactors. Tube wall reactor whose pressure drop is 

negligible is needed for the chemical heat pump. 

2) A new f10w sheet f or the CBH-CHP process was proposed. This new 

prα~ss installed two f1ashes to separa臼 hydrogen.The system storages 

wぉteheat at 473 K as benzene and hydrogen. The system releases heat 

at 623 K by benzene hydrogenation. This process shows ∞nstant high 

15 perfo口nanceunder both heat storage and a heat rel凶 se0戸ratingmodes. 

20 

25 

30 

3) Dynamic change between the heat storage operating mode and出ehぬ l

release operating rate was studied. It is shown that the f10w rate of 

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

4) Operating par加netersfor heat storage and heat rel伺 semode were 

studied. Under dynamic st飽 dystate， effects of total mぉsf10w and 

hydrogen mole f10w on the heat output capacity and benzene 

∞ncentration were叫 culated. When the ooncentration of benzene is 

between 20 mol% and 90 mol%， it is possible to keep the heat output 

∞nstant by oontrolling the total mole f1ow. In practical us丸山e

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

and controlling of total mass f10w is recommended. 
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CHAPTER 10 CONCLUSIONS 

1. CONCLUSIONS 

Main pu中oseof this doctor thesis is prep恒三tionof plate type catalyst 

and design of tube wall type reactor for practiω1 use of the CBH-CHP. 

Preparation of plate type cata1yst， design of tube wall reactor and advanced 

pr，α~ss flow of CBH CHP system were studied. Followings have been 

studied in advance of practical u回 geof these technique. 

PART lREPARATION OF THE PLATE TYPE CATALYST 

Preparation method， effectiveness factor and durability of plate 

type ca凶 ystwere studied in Chapters 2・5.

Chapter 2 The Preparation Method or The Plate Type Catalyst 

Using Chromic Acid 

A thin-layered cata1yst supported on a metal pl蹴 isone of the ideal 

types of catalysts， making it possible to design a∞mpact rω.ctor. A r伺 ctor

equip戸dwith this type of cata1ystωn serveぉ aheat exchanger since the 

ωtalyst is expecほdto exhibit high thermal conductivity and low pressure 

loss. A PtlAb匂IAl plate type ca凶 ystwぉ p陀 P訂 edby叩cx:licoxidation 

(AO) of a commercial aluminum plate， followed by hot-water treatment 

(HWT) in chloroplatinic acid solution. Alumina layer asω凶 ystsupport IS 

produced by AO and the BET surface area of the alumina is incr回 sed，and

simultaneously pt as aω凶 ystspecies is impregnated by HWr. The 

conditions for preparing a catalyst film of any thickness under 30μm were 

established. The amount of pt supported per BET surface area of alumina 

was 170-180μglm2. which ∞πesponds to 3 wt% of alumina~ and the 

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

film. Catalyst with 30μm of alumina film showed a constant reaction ra民

per apparent surface area of 3.5 mol/(h'm2) for cyclohexane 
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CHAPTER 10 CONCLUSIONS 

dehydrogenation at Ct5H12/N2=1I10， 1 atm and 473 K for 130 hours. 

Chapter 3 Preparation Method or The Plate Type Catalyst 

Using Oxalic Acid 

The pu中oseof this chapter is to expl出nprep訂ationof a plate type 

catalyst with high ca凶 yticreactivity for utilization. The prep宿泊onmethod 

of the plate type catalyst was ex出ninedby using oxalic acid solution for 

anodic oxidation (AO). In AO pr∞ess，組 aluminalayer with more th釦 350

μm in thickness wぉ formed. Porosity of the alumina layer wぉ increasedto 

0.79 by pore widening or a long period of anodic oxidation. Impregnated 

platinum within the anodized alumina layer increased with the porosity. The 

ma氾m田ncon民ntof platinum per apparent surface area was 15.8 g-PtJm2 

and出iswas 5 times larger th釦 theprevious catalyst. Platinum dispersion of 

each catal yst wぉ about0.5. Reactivity of cyclohexane dehydrogenation 

increased with catalyst content. The highest reactivity after 20 h wぉ about

12 moll(h'm2) and this was 3 times as highぉ thepreviously reported 

catalysL It was clear出atthe reactivity achieved the target reactivity. 

Chapter 4 Effectiveness Factor or The Plate Type Catalyst 

The effectiveness factor of the PtJAlzU3/AI plate type catalysts were 

studied theoretically and experimen凶 ly.The investigated PtJA1z匂 ω凶 yst

layer， which wぉ preparedby anodic oxidation and followed hot water 

treatment， had a porous structure and a narrow pore size distribution. 

Porosily of the ca凶 ystwas about 0.5 and the m回 nof the pore radi us was 

about 2 nm. Reaction rate of the cyclohexane dehydrogenation increascd 

with thickness of PtJ Al2向 catalystlayer but it raised to a peak because 

diffusion of reactant into the ca凶 ystlayer was the controlling step and the 

effectiveness factor decreased with the thickness. The reaction rate is 

govemed by the effective diffusion cζ偲児ffic悦i児len白叩n凶1t組 dt批h恥ereaction ra旬 C∞onst刷a却却n叫1t

The reacti on rat匂ec∞onstan凶tc伺anb恥eimproved by augmentation of the pt∞ntent 

組 dpt di凶sp戸e路rslO叩n. The reaction rate constant will be also improved by a 
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l訂 geeffective diffusion coefficient due 10 a large pore radius. 

Chapter 5 Deactivation And Durability or The Plate Type 

Catalyst 

The cyclohexane/Benzene/Hydrogen chemical heat pump system has been 

proposed to store and upgrade wおほ heat. In this system， it is required that 

cata1ysts have high heat transfer performance， high selectivity and long 

lif etime in the endothe口nicand the exothe口DlCf'回ctor. In出 schapter， the 

catalyst deactivation mechanism of Pt/Ah匂IAlP加ety戸 ω凶 ystsin the 

endotheロnicreaction is studied. The main cause of cata1yst deactivation was 

fouling by carbonaceous deposi包. Sin旬ring，migration and loss of active 

S戸cieswere not observed. The reactivity of a refreshed catalyst wおお high

as for fresh α凶 ysts. The proposed model of catalyst deactivation matched 

the experimental results well. In the m吋 el，出.ecarbonaωoωdeposits 

narrow the micro pores， and出emass transfer of the reactants into the 

catalyst pores becomes rate controlling. Then， the reaction ra.匂 goesdown 

with the reaction time. In the long-life test of a tube type ca凶 yst，the catalyst 

showed a st伺 dyreactivity during the reaction time from 50 h 10 2∞h， but 

deactivation gradually proceeded to reach the value of 40% reduction of 

steady reactivity after the reaction time of 1α泊 h.

PART 2 DESIGN OF THE WALL TYPE REACTOR 

Mass transfer in the tube wall reactor， simulation of tube wall 

r伺 ctorand perf ormance of the tube wall reactor were studied i n 

Chapters 6・8.

Chapter 6 Mass Transfer In Tube Wall Reactor Developing 

Laminar Flow 

Radial mass transfer is experimentally studied while developing laminar 

flow in a tube wall reactor. Total reaction ra也 oftube wall catalyst is 
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decided by radiaI mass transfer in bound訂 ylayer andα凶 yticreaction rate. 

The radiaI mぉstransfer wぉ controllingthe to凶 reactionrate at low space 

velocity under 3αぬh-l. To cancel the m出 stransfer's control， it is 

lmpoロantto decrease the thickness of boundary layer. Static mixers were 

inserted in the tube wall catalyst. The results of this showed出atthe static 

mixers accelerate mぉstransfer and reaction rate is controlling step at low 

space velocity. 

(TWR) has been proposed to transform出ermaIenergy into chemiω1 energy 

efficiently. The ca凶 ystvolume in the TWR was 6 times smaIler， and the 

pressure drop wぉ l∞timessmaIler，出釦 thoseof a clぉsicalfixed bed 

r回 ctor(FBR). For reactor perfo口nanceover 42 kW白eTWR aIso became 

smaIler than the FBR lt wiU be possible to design a high performance TWR 

by improving the reactivity. The catalyst layers have tx知 1foロnedon出e

surfaces of fin-tube and fin-plate type heat exchangers. 

5 

nu 
--且 Chapter 7 Simulation Of Tube Wall Reactors 

Feasibility study of tube wall reactor was undertaken凶 ingsimulation. 

ln a tube wall reactor， endothermic or exothermic reaction takes place with 

the reaction heat recovered or supplied simultaneously through出ereactor 

waIl. The reactor waIl is ex戸別edto be made of PtJAh向/AI plate type 

catalyst with high thermaI conductivity. 

Reaction mechanism of dehydrogenation of cyclohexane was discovered. 

This reaction rate wぉ controlledby adsorption rate of cyclohex却 emolecules 

to catalyst sites. Using the 何回tionof this reaction rate， conversion and 

temperature distributions in tube wall reactor and in fixed bed reactor were 

caIculated. Temperature and conversion distributions in the tube wall reactor 

are narrower than in the fixed bed reactor. The waIl type r，凶ctoris 

preferable for use in chemicaI heat pumps. 

lt wぉ showedthat a compact tube waIl r，伺ctorwぉ ableto be designed 

by reducing the diameter of the reactor tube and by incT'回 singcatalyst 

thickness. 

ln some cases， there is no need for a f，伐dpreheater for tube waIl 

reactor. This affords ∞st down and fle氾bilityfor pr∞ess design. 

PART 3CHEMICAL HEAT PUMP SYSTEM WITH TUBE WALL 

REACTOR 

Performance of cyclohex組 e/t児院ene/hydrogenchemical heat p凹np

sys也mincluding h伺 tsωrage周回seoperating mode were studied. 

Operating par官民terswere aIso studied in Chapter 9. 

15 

Chapter 9 Performance Of Cyclohexane/Benzene圧Iydrogen

Chemical Heat Pump With Tube Wall Reactors 

The new pr'∞ess flow of the cyclohexane/benzene/hydrogen chemicaI 

hωt pump(CBH・CHP)system has been proposed. Tube wall rωctor is suited 

for the CBH-CHP， since coefficient of performance of the CBH-CHP is 

diminished by pressure drop of the reactors. ln the new process， converSlon 

of cyclohexane dehydrogenation in the endothe口nicreactor is an impo口組t

factor in the performance. When白econversion goes up to 40 mol%， the 

thermal efficiency is 80 % and the c∞fficient of performance (COP) is 4.3. 

ln 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， 

∞ncentration is low under heat release at 623 K. The COP and the thermaI 

efficiency are stable under heat storage and heat release operating mode. 

Heat storage and heat release mode were control1ed by supply and elimination 

of hydrogen f rom the sy取 m.The output of the CBH-CHPωn be kept stable 

by∞ntrol1ing total mass flow. 

20 

25 

30 

Chapter 8 Design and Penormance of Tube Wall Reactors 

The cyclohexane/benzene/hydrogen chemical heat pump (CHP) cycle is a 

hopeful way to back up the l.IT-3 system or the WE-NET system for heat and 

hydrogen storage. To realize the CHP system， a tube wall type reactor 
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APPENDIX 2 REVIEW OF STUDIES ON  TuBE WALL REACTOR ANo 

PREPARATION OF PLATE TYPE CATALYST 

In 出ispart， studies on tube wall reactor and preparation of plate type 

catalysts were reviewed. 

1 Shapes of wall type reactors 

Some shape of walI type reactors have been proposed and studied for a 

long time. Tube wall type catalyst is popular shape (Fig. la). Ca凶 yst

layer wぉ fonnedon出eoutside wall or inside wall. Analysis of mass 

transfer in the reactor has been carried out using白istype ofα.talyst [1ふ

17，19，20，24-28，31・35，37・39，4ι48，51，52，54，57，ω]. In another伺 ses，double 

tube wall type cataiyst (Fig. la) [26，37，49] and duct type TI伺 ctor(Fig. 2a) 

[2，39-42，45，53，55，56，61] we陀邸edto accelerate mぉstransfer. Inside 

surf ace of exhaust pipe of motorcycle (Fig. 3a的)β 6句]an d th e s urf ace of fnf i t ω u be， 白伽n-pμl瓜e(F町igs. 8.7， 8.9) [2，41]， plate [22，23 ，30] and ano 出er types 

[43，44]ωn be ca凶 yzed.Then， kinds of reaction and reaction conditions is 

important to selωa kind of tube wall reactor. 

ら())ら

G 
u:Jtotyfica削珂∞甘酒!outer wall of ltIe 
Iftr官::fl¥t埠 INT

臼taIYtiC“幻mgon陶 町 . .wall of陶

utemol tI.*持 EXT

e 
臼t脅すに ι国 mgon bOItI <M.拠rand imer WaIIS 

EXT令制T

釦WUar問民草加n

Figu同 la IlIustration of tube and annular reactor 
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Figure 28 

APPENDIX 2 REVIEW OF STUDIES ON TuBE W ALL REACTOR A.'llrlJD 

PREPARATlON OF PLATE T¥'PE CATALYST 

① Reactor ② Catalyst 

③ Sample po吋

Illustration of duct type reactor 

ヱキゾーストパイプの内面にコーテインク

した触接

Figure 3a Photograph of spray catalyst which is formed 00 

ioside sunace of exhaust pipe 
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2 Mass transfer泊 tubewall reactors 

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

parts. 

1 Theoretical analysis of ma路 transferin tube wa日 開 actors

The first scholar to give much attention to mぉstransfer in tube wall 

reactor wぉ Damkohler[12]. Baron [勾， Kasaoka [34]， Katz [3勾， Lupa 

[3ηJohnstone [29] Siegel [50] and SatterfIeld [46] were studied on mぉs

transfer in the tube wall reactors theoretically. (ー 1960s) 

11 Experimental analysis of ma錨 transferin tube wall reactors 

Arashi [3，4]， Field [1η， Inoue [27，28]， Shitaokoshi [4ηand Smith 

[51，52] were studied of mぉs transfer in wall type reactors 

experimen凶 lyincluding theoretical analysis. (-1兜os) 

III Design of tube wall reactors 

Anikeev [2]， Fukuhara [18]， Kameyama [31・33]and Murata [39-41] were 

studied design of tube wall r，回ctor including theoretical and 

ex戸口mentalanalysis. They also studied on prep訂 ationmethod of 

ca凶 ystlayer on the surface of reactor wall. 

3 Preparation methods of wall type catalysts 

ln this p訂t，preparation methods of wall ty戸 ωtalystsw.ere reviewed. 

1 Galvanizing of catalyst metal 

This is popul紅 methodfor p陀 parationof wall typeω凶 ysts. Cata1 yst 

s戸ciessuch出 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 methOO were 

limited. Thickness of the catalyst layer is up to several micro me旬r.In 
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PREPARATION OF PLATE yYPE CATALYST 

出eαseof Ni as catalyst s戸記ies，BEf surface area wぉ ωm2fNi-g.

(Figure 4a) This methOO has critical defects of low surface， reactivity 

and omission of cata1yst. 

11 Spray or coating of catalyst 00 reactor wall 

Spray or∞ating me出00[3 ，4~1 ，3句 hぉ some merits. Any ca'凶 yst

S戸clesωnbe凶 edby血ISme出od.Any shapes of r，伺ctortube can be 

used. But these methods have critical defects of low surface， reactivity 

and omission of catalyst (Figure 5a). 

111 Leaching of Raoey al10y 

Porous catalyst layer is pre戸redby leaching of raney alloy. Ag [8]， Ni 

[55，56]ωn be prepared on the surface of the reactor wall. BEf surface 

of prepared cata1yst was about 60 m2-BEf/g-Ni. It is possible to 

prepare aω凶 ystwith bimodal伊陀 structureby optimizing the 

∞mposition of alloy (Figure 6a)・In出isme由00，it is difficult to form 

ω凶 ystlayer on surface of several shapes of reactor wall叩 dca凶 yst

layer is detached f rom metal lx対yeasily.

le，s 

Figu同 4a Photograph of prepared catalyst by galvanizing 

192 



5 

10 

15 

20 

25 

A_pPENDIX 2 REVIEW OF STUDIES O N  TuBE W ALL REACTOIl A."D 

PIlEPARATION OF PLATE 'fyPE CATALYST 

寝誌でEJ惑藷必翠謹~改~匂~ぐ~~

セCeラmミックス定昭
~ì 乙 1A.~'r

金属Z:尽
Metl叫 l勺eγ

フ.レート

ー- 、 ¥ ¥ ¥ ¥ ¥ PI~1e 

Figure Sa Cross section of coating catalysts 

~才T "IIl/'~l3肝 ー輔軍置祖国

NiA¥a 

図 12-1 Ni-AJ = 40; 60多孔質合金

7∞・C.印 mln焼結

lO$ち NaOHaq 5 minエッチング

X 波調。

Figu問 6a Photograph of cross section of catalyst prepared by 

leaching of Raney alloy 
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