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Abstract—Ni with a small average particle size and apparent density showed a good catalytic activity,
and Raney Ni prepared from these Ni powders also exhibited an excellent catalytic activity. It was found that
the best preparation temperature of Raney Ni catalyst was about 750C. For the chemisorption of CO and
the hydrogenation of benzene, the optimal weight ratio of PTFE-binder to Ni and Raney Ni was 10 wt%
and 5 wt%, respectively. For electrode reaction experiments, however, 10 wt% PTFE-bonded Raney Ni hydro-
gen electrode showed the best electrode performance. The catalytic activity of Raney Ni was considerably
affected by the treatment of H, activation.
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Ni and Al [—— Mixed to use acetone ]
sludge

Ni and Al Sintered under H, atmosphere
alloy for 1 hr
Raney
nickel |—— Leached Al in 6N-KOH for 24 hr |

———_Boiled at 80T in 6N-KOH for 1 hr]

Washed with hot distilled water
sufficiently

Passivated
Raney Ni —LAir oxidation during overnight ]

Fig. 1. Flow chart of the preparation of Raney Ni catalyst.

Table 1. Physical characteristics of INCO # 255 and 287

Ni powder
Characteristics #1255 $#287
Structure filamentary filamentary
Average particle size 2.2-2.8 2.6-3.3
(Fisher subsieve size)-microns
Apparent density-g/cc 0.5-0.65 0.75-0.95
Specific surface area-BET m?g  0.68 0.58

2m72], o] AFL Varta, SimensA} Sof 2|3 #]=5]
15 kW, 7kW H,/O, Batteryell A}-&-5%{c}[3]. o)<} 7
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WhS-EA(H, 0. 5)2A 71A1& AH-ska 9le AFC
A, wkE A= 71A S HA AN A AN L85
o] Ha A F5he] A W52 w9 %] (reaction site)
ol AFEv|E g4t o] Fdtch o)A g Ale F2
(adsorption), #3}e)%(charge transfer)el o]-& ¥4
uh-2-(surface reaction)®] 3wtAlE E3}of uheg F,
S A B2 A9 A AAH LR ofA] o) %3lA S
oo} g HFukSoll A AafAL A ASUEZ WY
(flooding) & do# o] ukg2l EAe|% A3} (mass
transfer resistance) & FA AbgAl7lch webA] o] AL
Hbz)3}7) Qi A AT A FA] 244 (hydrophobicity)
4 71 ¢J+= PTFE(polytetrafluoroethylene) 5 # v
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714 - A - 24 2] AHAFA A (three-phase boundary) o]
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§+&-u) (PTFE-bonded Ni & Raney Ni catalyst) o] CO<)
stehEa 1118 #slslen, €4, WAl(benzene) o2
H-E] #to]Z 2 ¥ 4k(cyclohexane) . 2.9] 43t W&
23 u$-(model reaction) .8 AAste] UYL Y3}
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sto] Ak 4] Nig}t AlY] slurryE 9HE 3, $£45-9]7)
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drich Co.oll 4] A #3718 ‘Raney Ni-A’ & ZAJsl71 2
&t
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[ t=kA\/B cos @ 41 { d=gt

k=& 4191 2}(0.89)

A=X4¢] ka F%(Cu, 1542 8)
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o7]14 B=(B*-b)2eld], B& Al8¢9 #58 w5
Z 71 be Si BFA 89 W E gleloh. 723 A
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z+abe] st ei[17].

2-2-2. FAF AzEw 7 $4(SEM)

A %% Raney Ni Zvje] ZdAtel o PTFES} Ni
222 Raney Ni Zvl9] E£344e)E dolrr] A
A4 S SEM BA4& slgic)

2-2-3. A4 F5 EBEAH(FT-IR)

Ni#} Raney Ni ZvjAtellr CO 3}etFatL 4 F
o5 ZujAltel #3tE3t ¥ 9l CO-stretching vi-
bration band & ZA}8}7]) ¢4 2250-1900 cm ™! wave
number #H$jo)A A A =EE in-situ IR cell& o]&
gtod, FT-IR #41& slgicH 18]

2-3. Zolils % A PTFEY &M

2-3-1. CO9| #3h&%

COx= 2 Ad Z7(moderate condition)d = Zvj
Aol A sHel=EA] e T S 7 vl Wil
7123 shehg At ol gure ARl AzbE e,
B Agel A CO 33HE3 APE A2l B3t

© 4 Cahn 2000 Micro-Balance®] A& HA| %l

sl3hEst M30A HM3E 19924 63

Table 2. Gas chromatograph conditions

Item Conditons

Column 3mmX2m stainless steel
Packing material PEG 1500
Column Temperature 100T

Injection Temperature 120

Carrier gas Helium

Carrier gas pressure 2.0 kg/m?

Filament current 110 mA

2l g A=Y A1, 3F A e oA 24]7F F9H(300
C) 7hdstg e, Cahn #Ax] W§-¢ AFo] 1X1073
Torre|l =2% ¥ CO 3 APE A3k LF 2
CO%¢} #2-& mass flow controller(MFC) & A}-8-8}o
zAst 3, CO 3EFAA] Alag FAEY] 74 F
747 & dE CO9 F#(adsorption)o] LAH A
o2 ZbFsglen, 2§33 COw Cahn B3] W¥-&
AgAs e AFAHE 9= A Fo 5 2
g Zog 7Hestei[19], FF9 CO e
Tk

Raney Ni9] A$+ 250To A 4 &A3H(H, acti-
vation) #2] & & o}-g, v AAE LFol FiAA
Qb 3K passivation) A7 ¥, AE4 HAIF] He] A}
4-sh5dch

2-3-2. Ao 2 HE HolF2HAte] F43) ukg

€ AYL d5AHA flow systemE ©]8-3te] 43K
atm) 3loll A FeYslch Folls wb-gAel 4 A3}
A2 & 3417 Bt A|AA AlgEtsdch WAL a2z
dlA 7184A174 He 714l Fukete F3lled, 37
& Wagner2|[20]& AH§-3t Altsidled, 358
H,2] <2 3letoke gl Fur} FHoloz FF3ch
H,9] #=-& needle valveZ 4% ¥ ¥4 rotame-
ter® AHstod 2 shc.

vk e A 12 mm, Ze] 23 cmyl pyrexE A3}
gon] Zoje whg-3he] SRRl YX)3t glass filter
2ol 500 mgg FAsHch W FS 28 AH72 e
Axslgz, ArlRe] £ xR 2
ou], Zu|Zze Lx2AL chromel-alumel dAYE
o] &5tk wHg7] &7l gas samplerE 2ol |
uk-g-2] wk-e-E3 WS AAE-E 33}t gas chroma-
tography(Shimadzu G.C.-6A) & o} 43l EA3lgle
], 24272 Table 2¢] &= uie} 2t}
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Fig. 2. X-ray diffraction spectra of Raney alloys.
(a) INCO #255 Ni and Al alloy, (b) INCO #287
Ni and Al alloy

3-1-1. Raney Alloy2] XRD #4

Fig. 2= £728% 750Cq|4] #|=% Raney alloy9]
XRD spectradld], Raney Ni-g& wr=i=v] 28§ NiAl;
peak”} 203}k 25.02, 31.02, 44.34, 44.78, 48.34)] }elr}
213, NiAhe Y A] peakol] 3f3=ci{21,22]. & 4
o= A2FLE 550T, 650C, 750T, 850, 1000T
ol 4] Raney Ni-¢ Az3lolx, wlAle 43 ulgoz
Zol 5-& v @) Roted, 550C A4 3% sample-&-
¥ Raney alloy7} ¥A=A] ekgtow, 650TA =)
%% sample2 750C, 850C el 4] A =3 AR} o)
o] 212l Aefe} Fvlgo)] F2| ke 750TH A A
Z 5 sample 850Tel| v]s)A Ful5o] £33 om,
1000C A A 2% Raney alloy XRDE4 A3} NiAl;
peak7} #A3) FojE°] 3z, KOHS} uHs-A|7¢ o,
Al £24h3 Ax7 o XA Az2" A vl
gurx) Ralgon], ZFvule w3 3k X3l
(Fig. 16). @}2}4] Raney Ni¢] A x2% & 750CE I
Hale] o] 3o AYPL Hshyci 14, 23],

3-1-2. Raney Ni¢] XRD £

Fig. 3-& Aldrich Co. #|3&2] Raney Nix, &2 2%
750Col 4] A 2% Raney alloyZHE Al £&5417
"= Raney Ni9] XRD peak2 X5 203t 44.28, 51.28
ofl 4] ¥ & broad¥} Raney Ni®] B4] peak& R FI
glemg A|FE Zvl= 25 Raney Ni¢] +x2& 7}
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Fig. 3. X-ray diffraction spectra of Raney Ni.
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Fig. 4. Co chemisorption amount of INCO # 255 and 287
Ni catalyst mixed with 10 wt% PTFE.

A7 olepx A7rdcH22].

3-2. CO9 zatExa &3

3-2-1. Ni 2vje] CO a5

Bead & chain 728 7}A32 3= INCO #255¢}
287 Niell PTFEE 10 wi% 2 &E3HA)7 2+E Zv)ql CO
sahE A Ade #% F3HE Fig 40 vehgled,
BF COE 4z A AdS Az A 10-14
A7y A 2, CO9 Fatgko] Aujgtel £23le o
o)A EFa F71E Holx okod, gasd FHE
Fsla o] wiel 59 AFJe7}A] evacuation
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Fig. 5% INCO #2559} 287 Ni %vj2] PTFES] 3§
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| INCO #255 .
"o o EGE] A @ o, EYSe] U A BT
INCO #287 2557} 2878 ¢} 9% CO 33§ 35S HoF3ed,

oj2igt &2 Table 1o el AAY J7 A=
71e} BR 7] Uy} Ae 2557} 2878} 343t
fe)&l7] wte), 53| PTFESt Et=e] & w7t
3§50 QA ¢oks R CO9 33E3e9] A
o} 7} HAl= 7L 2559 A1 7| 1% (apparent density)
7} 2874 wBla| 4] 2o}, 2557} PTFE] #A4lo] v] & =
oy 241& 7 9)7] Wi Jehde Adetx

Chemisorption amount(mg CO/gcat.)

A7),
4 T T T T ) o - Y = s
0 10 20 30 40 50 2 AgedlM Hole) CO shahEaters 2o e 255
PTFE content (%) 287 2% PTFE~} A 3412 10wt%2 4302 w4l
Fig. 5. Comparison of CO chemisorption amount on o 20wt% o)A 2718 dXREl= sstEaleke] F
INCO #1255 and # 287 Ni catalyst. A% 22 Re] 9l o]zl AiH= Fig 69 SEM

243 gl EDS ¥4 Asjol Az #2=E o], PTFEZ} 10
ste] B2 &9 COE 2/ gz COY sl3tg wi% olakog Aelqls #§- nde) PTFE7} Ni 9
ieke Fslgich ol9b zhe Wy e g 0, 5, 20, 30, 50 A2 Sal47] A AEted 81aE A site S A oR
wt% 2 PTFES #3417 thE INCO # 255, 287 Ni Qlsl, 10 wt% o]&+e] 7% PTFES] o] U5 o4

? é! fm"‘a%.!r "y
* o 4 .

R e
o+ L

. ]

5 ¥ R it

wd e g
25KV 3000 8805 {8.00 .Y .U

‘glR vt
» T

H . ; -~
25KU X3080 9801 16.6U H.Y U 25KV %3008 6083 18.8U H.Y. U

(®)

a%Ky %3608 OMB%  10.60 H.Y.U

(d) (e)
Fig. 6. SEM photography and EDS analysis of the PTFE-honded INCO #2855 catalyst.
(2) 5wt% PTFE-bonded INCO #255 Ni, (b) 10 wt% PTFE-bonded INCO # 255 Ni, (¢) 20 wt% PTFE-bonded
INCO #255 Ni, (d) X-ray image of INCO #255 Ni shown in (a), (e} X-ray image of INCO #255 in shown
in (b)
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Chemisorption amount(mg CO/gcat.)

T u 1

5 10 15 20
PTFE content(%)

Fig. 7. CO chemisorption amount of Raney Ni catalysts
by changing in PTFE contents.

Ni &0 & ZAslA #£4HA717] Boke 2319 34
o2 FAAA oz <&, Ni vio] sieigategol
Pashe 492 Jehd HAes BejAich

3-2-2. Raney Ni &vuj¢} CO 3}3t&-2

Fig. 7& Raney Niel PTFE~} 0, 5 10, 20 wt%%
oigle we) CO satgat APAAQLd F 2o F
ol 4 Raney Ni-10] 714 $2 385452 By ey,
o] Fwj7} £53 FoisS 2 vkr A zHErt. Ra-
ney Ni-13} 2 25 5wt%® PTFE7} Hoicle of F
to] stehE-ateps efWlo 2R, o] o7} Raney Nio|
b A Eabslo] sle A2 ARl o§7]4
INCO type Nis} Raney Ni¢] #& PTFE<}e] zloli=
F 2oje) 72, AW WE 28] gJA=7] 9] 2ol
7108 Zoleba A ztE|e] Aizdl, 5 wt%ol 4 10 wt%i
PTFE<}o] Z7}5w 4, 27}l PTFE <ol 9]3] Raney
Ni Zv)7} AR 3, FAlol Foi Egdol BdEo] Sl
pore?] 7E wto} CO2l ¥ sited ZHnAIA7] of
Fq Aoz F&Hu[6], o}7l& Fig 82 SEM A3l
AR ZHE % b}

Ni Zo}9} Raney Ni Zefe] CO #tehFAede vl
std, PTFE7} 85 0] 97 @& wivt £33 Ud&
wju} 25 Raney Nie] Nikc) U4 2 }stFa3s
BolF1 gled, oleigt A3 Fig 99] SEM Apale]
A5 Fs o] Raney NiZoje] gyl s CO
Fz o] A1A}8}= evacuation 2] Raney Ni Zvll Abef 4
NiH =12 243l F4rF o2 7t 2]l CO
Fao] AnHeg dold 4 lolr] el AR

ga: .
25KV %3080

25KU %3006 0838 168U H.Y.U
(b)
Fig. 8. SEM photography of the PTFE-bonded Raney Ni

catalyst.
(a) 5wt% PTFE-bonded Raney Ni-1, (b) 10 wt%
PTFE-bonded Raney Ni-1

A "o 24 ]

3-2-3. Raney Ni®j CO &4 a2 ZA4 st el (H,
Activation Treatment) 2] <&

Table 3& 10 wt%2 PTFEE &%3 Raney Nidl
COE 3l3tF31717] deoll HA 250Tq P12 &
Aata)7) F aberiz] Yzbale] nlEke] Ak R oF 10%
He kR EAZ A} o] GAE AAA @& FrlE
CO satEaA7 AnE vlwgt Aoz, HAgstel <
g Aelvl 9 vyl 137 o JlHch Y58 1L
satgateke Bole 7lod Hof, Raney Nig| Fvis
o] Sy A ol AR dFE verhe
PR 5025, 26]2) wael dxF A 4& F
Ssich

3-2-4. CO 3}8+&-3 54 Band

_
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25KV X1889 @824

25KY X1000

(@
Fig. 9. SEM photography of Raney Ni catalyst.

8011

16 20 H Y. 1

25KV Xiees 4808

(a) Raney Ni-1 sintered at 750C, (b) Raney Ni-2 sintered at 750C, (c) Raney Ni-A

Table 3. Comparison of Hydrogen activated catalyst with
non-hydrogen activated catalyst

(mg CO/g cat.)
\. Treatment Hydrogen Non-Hydrogen
Catalyst \ activation activation
Raney Ni-1 359 2.28
Raney Ni-2 243 177

Fig. 102 10 wt% PTFE~} 442l INCO #287 Ni
244 CO 3tatg3 A4S 33 949 FT-IR spec-
traelck. INCO type Ni Zv}e] 79 bridged, linear,
subcarbonyl] CO-stretching vibration band”} vebyt
32, Raney Ni®] 7$-& bridged, linear, subcarbonyl,
Ni#* £4 band7} vielv} 9l-8-& #alshaici[27, 28]

3-3. wie| £438 WS

3-3-1. &1°) A9

£ AgAAe el 87 Sole A7 g
o] Aejstgict

e & 2] 7K Contact time)

T k9] A)zg 235 Benzene®] % moles
[gcat.-hr/mol]

i zo)e) g 5
F

« A 3}-8(Conversion)

u}-2-3t Benzene2| mole 4

73 Benzene® mole <=
[mole%]

Conversion= X100

2
Agstedoh
3-3-2. Ni v} 453 u-¢
Fig 11& PTFES} Ed=lo 1A @&

HZA| 7S 57.7 geat.-hr/gmol 2 A 3}

INCO #255%}

35hast X303 3% 199214 6%

1
[}
1
t
1
1
\
[}
i
1
[

12800 z"an 2108,0 2;“& ';O!ﬂ 1900.0
WAVENUMBERS (CM™')

Fig. 10. FT-IR spectra of 10 wt% PTFE-bonded INCO
#1287 Ni catalyst.
A : bridge band, B : linear band, C : subcarbonyl
band

287 Ni ZvjAellx] wiale) 28 kg% 80-300T]
ubs-2 % 9ol A Y3 Fald), 300c-§,— A 95l e
2557} 287 Ni #ojrc} vhe Eol5E BogFgch

F ] 9F 250Cel 4 Hdlo] HaeE BT, o
2.5 o|ARElE FASH A3tge] iz el
o] o] Twel Fs= T4 o] o] £ F
ZollA @A EoEe] HbSol sl Fa Pl
Aastr) gEe) Ao A =d[29]

Fig. 12-& INCO #2559} 287 Ni Zujo] ojz] £
HlZ PTFEE &§3te] uhg-25 8 200CE nAslw
[16] A3 Asto|c) 2557} 287 Ni Zvjrc}t ¢4
AgHg-e vehgigles, F &a) 25 PTFE7} 10wt
% W 7P e AIFELE By, S0wt%d wHe



42|y d8H= e $4F Raney Ni Fejo] @3t Q7 335

10
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o |INCO #255
B
INCO #287

61

Conversion (%)
»

c L T T L 1
50 100 150 200 250 300 350
Temperature (°C)
Fig. 11. Effect of reaction temperature on hydrogenation
of benzene to cyclohexane over INCO # 255 and
287 Ni catalyst.

30
—a—
INCO #255

—_ 201 -8

ES3 INCO #287

8

[

o

g

o

O 40

% 10 20 3 40 50
PTFE content (%)

Fig. 12. Comparison of conversion by changing in PTFE
contents on INCO # 255 and 287 Ni catalysts
at reaction temperature 200°C.

olF mu|gt AZEE BHYEd, v vzt
PTFE<) o3} #e] k23] el 4o vebd Axetn
Aztec) ole} 22 AyAFE CO sHEa A
39} dAge HeFgich

3-3-3. Raney Ni &vl2] =43} 4k

Raney Ni Zvulo] PTFEE 10wt% £3]#A whE
Zoj At A w2 T E 80-300C R stAlFIEA ukg
A7) A7} Fig 13¢]t}h. ¥ &u] 2% 150T 4 100

Conversion (%)
8

80 150 200 250 300
Temperature ('C)
Fig. 13. Effect of reaction temperature on hydrogenation
of benzene to cyclohexane over Raney Ni catalysts
mixed with 10 wt% PTFE.

Conversion (%)

0 5 10
PTFE content (%)
Fig. 14. Comparison of conversion by changing in PTFE
contents over Raney Ni catalysts at reaction tem-
perature 80°C.

%9 AEL HoAFg o), 80CHAE v]v|stech
28l 3 250C o] £8-E& Nist nprlA 2 F &0 5
F43) #H3pgo] iz A}E BAoh Fig 4=
e v 8 80CE 1353 PTFEYE 0, 5 10 wt% =
W sa| 7)1 4] A3E Azeld], PTFEZ} 5 wt%=® 414
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Fig. 15. Comparison of conversion by changing in PTFE
contents over Raney Ni catalysts at reaction tem-
perature 200°C.
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3 Niz} 750Ce| 4] A 2% Raney Ni &v]¢] 3=}
A7) (particle size) 7} A3}gol| v]HE FEgE S E
80, 2004 WAL 543 wrgo R A} AF}E
Table 4] Jehligde}l. 200Co|4 INCO type 255&
A2l st 2= INCO type Ni vl glapz7]e) of 8o
u]o] & Holu}, Raney Ni2} 7%= 80T A =x=27]7+
AEgol AR 3¢S 7ALE & F Usich 2t

22 E H30H M3F 19924 63

Table 4. Effect of particle size of Ni and Raney Ni catalyst
on hydrogenation of benzene to cyclohexane
(conversion: %)

Catalyst Type of particle 80C 200T
INCO #255 powder 0.03 18.35
coarse granule 22 6.7
INCO #287 powder 0.01 6.34
coarse granule 04 6.0
Raney Ni-1 powder 10.37 99.9
coarse granule 4298 99.9
Raney Ni-2 powder 0.03 99.7
coarse granule 33.09 99.7

Table 5. Average crystallite size of Raney Ni by X-ray dif-
fraction analysis

Temperature Catalyst Particle size(&)
650C Raney Ni-1 71
Raney Ni-2 75
750C Raney Ni-1 79
Raney Ni-2 84
850C Raney Ni-1 91
Raney Ni-2 97
1000C Raney Ni-1 96
Raney Ni-2 117
HES-2- % 200T M= olEjdt 3ol A9 UsE 7
Fogx, gLy Jd5HA ¢ A}-4== Raney Ni

ulg} §A}Z 7 AT e AFE A F 3l
<5 o 4 30l

o37]4] Niz} Raney Ni¢] A3}-8-2 PTFE®] kst
o] wiz} vlwsbd, PTFEZ} A2 49tS dvt PTFE
7} 5, 10, 20 wt%2 Z7}8 @i} % Raney Nio] Ni
Zujdc} 3 A ASEE ehldedl, A8
A AFatedRe] wAle] 43t ubg Hsgo] &
e} 4 el FRAEY wEske Aoz Pz,
AFC 442 Zv]& Raney Nio] Nixc} Hojxd Zvj
54 29E F 9lg AR AEEdg

ofubd o 2 thA P2 E 7HA A s F45F v (spon-
gy metal catalyst)© Az 22X s 1 Fx7}
o skg whrh= Al e[31), X-Al AEM AnE
line broadeningsdte] #A)4Hgr Zvje] FgF wiA ZAA
QIA}=7]% by Table 5238 o 4 qled, o] 2
7= Fouilloux 5[25]3 Tracey[32] A& A3t} A+
e wolx glvk = WAl 5438 whg-o 2 Raney Ni
Azexe g Avrr] YA, e =E 200
TR nAste] APs A37} Fig 1601tk £F 25
e} Zof o) gl 2lo)E Hejxm gled, ole F
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Fig. 16. Change of conversion according to prepared tem-
perature of Raney Ni at reaction temperature 200
°C.
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Fig. 17. Effect of PTFE content on the current density.
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Raney Ni-1 : Raney Ni prepared from INCO Co. #255
Ni powder

Raney Ni-2 : Raney Ni prepared from INCO Co. # 287
Ni powder

Raney Ni-A : Raney Ni prepared from Aldrich Co.

H :atom of hydrogen

H; :molecule of hydrogen

CO :carbon monoxide

A :wave length of the X-ray beam
0  :Bragg angle

B  :observed half-line width

b  :line correction due to instrumental factor
k  :Scherrer constant

t : thickness of the crystal

g  :geometric factor

d  :crystallite size A1

W :weight of catalyst [gcat.]

F  :flow rate [mole/hr]
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