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Nickel/alumina catalysts were prepared by the deposition of nickel chloride vapor on spherical alumina (3.5 mm
diameter) followed by reduction. This paper describes the effects of preparation conditions (deposition time and
deposition temperature) on the nickel content, the nickel concentration profile, and the nickel particle diameter.

The nickel content increased with increasing deposition time of nickel chloride vapor, and decreased with
increasing deposition temperature. The average nickel particle diameters were observed by TEM, and were not
affected substantially by deposition time or deposition temperature. They ranged from 500 to 650 nm. The
intraparticle penetration of nickel proceeded with increasing deposition time. The activation energy of acetylene
hydrogenation was about 50 kJ -mol ', regardless of the preparation method, which involves gas phase method and
impregnation method. The activity per unit surface area of nickel showed the following order: vapor deposition

nickel/alumina > gas phase reduction nickel ~impregnated nickel/alumina.

Introduction

Liquid-phase methods, such as impregnation or
precipitation, are commonly used industrially for
preparing supported metal catalysts. These methods
involve many processes such as impregnation, wash-
ing, drying, calcination, and activation in the impreg-
nation method. Such complication is mainly due to
the use of solvents. The most common solvent is
water, which has undesirable effects on supports and
active material precursors on the support. As chemi-
cal effects, dissolving'® and hydration" of the sup-
port were reported. As a physical effect, redistribution
of the active material precursor in the support during
drying was reported.”® To prevent such undesirable
effects, investigations of a solvent'® or a solution!®
were carried out. Recently, some workers developed a
gas-phase method as a preparation technique, in
which vapor of an active material precursor was used:
1) titania fine particles®'? and nickel fine particles'
prepared by chemical vapor deposition (in other
words, by gas-phase reaction), 2) nickel/silica pre-
pared by chemical vapor decomposition,!> 3)
platinum/alumina prepared by vacuum deposition,?
and 4) supported molybdenum oxide prepared by
adsorption of a molybdenum compound vapor.®
Such a method may eliminate the problems of the
impregnation method. To establish the gas-phase
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method, however, further investigations are needed.

In previous studies, we investigated the effects of
support nature,!” ~'? nickel content,'®'8:2®) solvent
of impregnant,'® post-impregnation drying con-
dition,'®*7'® and nickel source material’® on the
physical properties and reactivity of nickel/alumina
impregnated catalysts. In this work, the characteri-
zation of nickel/alumina catalysts prepared by the
deposition of nickel chloride vapor on alumina (a gas-
phase method) was undertaken to investigate the
effects of deposition condition on the characteristics
of the catalysts.

1. Experimental

1.1 Preparation

1) Equipment Nickel/alumina catalysts were pre-

pared by the vapor-deposition method using the
apparatus shown in Figs. 1 and 2. High-surface area
spherical alumina of 3.5mm diameter (JRC-ALO-1
supplied by Catalysis Society of Japan, Table 1) was
used as a support and anhydrous nickel chloride
(guaranteed grade of Kanto Chemical Co. Ltd.) was
used as a nickel source material.

The reactor (10) was a mullite tube of 35mm
internal diameter and 1000 mm length. A support
holder (8) and a nickel chloride holder (9) were
provided in the upper part of the reactor (14, de-
position zone) and in the lower part (15, vaporization
zone), respectively. The temperatures of the depo-
sition zone (14) and the vaporization zone (15) were
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Fig. 1. Schematic diagram of experimental apparatus

gas introduced from @ | Hz | Ar | Hy | Type
flow rate fem¥min)|Fy 4 |Fard|FHd

y id2 . r
to filter and
_J bubbler -
| =
M —
_— [Y)
s
: Ar Hp
2 Farg  [Fug
A e 1 S o K] : 1
r ! Deposition Q Ty¢---- :
| el 2o = § Lta s te |
it S
1 gl il © ta
! ] Ze|| |IVaporization 5
St =1} zone ‘é
g
S Hy
Ejjd Fhd
L Taf-- o
LI{H L | t,
Carrier Ar
time [min]
Fig. 2. Procedure of deposition
Table 1. Physical properties of JRC-ALO-1
Form ‘ White sphere
Composition #+ y-alumina®
BET surface area [m?-kg™!] 1.69 x 1054
Modal pore diameter [nm)] 9.0%
Specific pore volume [m*-kg™!] 6.70 x 10743

maintained at desired values by electric furnaces (6).
The temperature in each zone was monitored by a
thermocouple (7). Carrier argon was introduced from
the entrance ®. Argon or hydrogen was introduced
from the entrance @. To prevent the sintering of
ALO-1, all the gases were dried by passing them
through silica gel columns (4) and dry ice-methanol
traps (5). In all experiments, the average partial
pressure of nickel chloride vapor in the deposition
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zone (14) was 0.72+0.08 kPa as estimated from the
material balance of nickel chloride.
2) Procedure Three types of operating procedure
were applied as illustrated in Fig. 2. The conditions
are listed in Table 2. As an example, the procedure of
type I is described below. About 3g of pelletized
nickel chloride was charged into the holder (9). About
3g of ALO-1 was charged into the holder (8). The
carrier argon at 500cm?®-min~' and hydrogen at
100cm?® min~! were introduced from and @
respectively. The temperature elevation (4.2 +0.3de-
g-min~') of each zone was started. After attaining
desired temperatures, hydrogen from @ was ex-
changed for argon by a four-way valve (3). The
vaporization zone (15) was maintained at 1073 K. The
deposition zone (14) was maintained at a temperature
shown in Table 2. After a time period #,,, argon from
@ was replaced by hydrogen, which flowed through
during the time period ¢,. After cooling to room
temperature, samples were separately taken from the
reactor—from the upper portion of the holder (upper
sample) and from its lower portion (lower sample).
In the present experiments, unsupported nickel fine
particles by gas-phase reduction, i.e., the reduction of
nickel chloride vapor in bulk gas phase, were also
obtained by filtration (12) of the flue gas from the
reactor (10). '
1.2 Characterization
1) Nickel content The nickel content of each cat-
alyst was determined by titrating the nickel(Il) ion in
the sample solution prepared by dissolving the nickel
of the catalyst in hydrochloric acid and filtering. The
nickel content was also measured by an electron
probe microanalyser (EPMA, Shimadzu ARL mi-
croprobe X-ray analyser) for some catalysts using a
point-counting technique.
2) Intraparticle nickel concentration profile Intra-
particle nickel concentration profiles were measured
by EPMA. The procedure was the same as that
described in the previous paper.>”
3) Morphology of nickel particles ~ Transmission
electron microscopy (TEM, Hitachi H-700H) was
used to determine the nickel particle diameters and
their distribution in the catalyst. The procedure for
measurement was the same as that described in the
previous paper.>?

The nickel particles of the catalysts observed by
TEM were not spherical. Each diameter, D, was
calculated from Eq. (1) as the sphere equivalent
diameter based on' outer surface area. The nickel
particle was assumed to be an ellipsoidal body of

revolution. Surface mean diameter (Dpaz) was calcu-
lated from Eq. (2).

106 1 bz B 1/2
D=5 7 [7 {a2+(,,2fa2)1/2 ot ('b-)ﬂ M
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Table 2. Preparation conditions

Deposition zone

Ni content [wt%]]

I;un Type T F F . ‘ p Upper Lower Lower Lower
© (shown in [Kd] ’E"‘i . fﬁ]" “ [ ".2] r sample sample  sample*!  sample*?
Fig. 2) “m - min min (HCI method) (EPMA)
G2 I 1073 — 100 o e 160 0.17)*3 (0.17)*3 — —
G3 1 1073 100 100 — 90 -9 1.43 1.73 1.1 0.5
G5 1 1033 100 100 — 90 90 1.73 1.86 1.0 0.6
Go6 I 1013 100 100 - 90 90 1.96 2.20 1.4 0.9
G7 1 1073 100 100 — 30 90 1.38 1.43 1.0 0.3
Gl11 11 1073 50 50 195 60 60 2.49 3.15 — —
Gl2 11 1073 50 50 196 0 60 1.70 2.42 — —
G13 II 1073 50 50 201 20 60 1.89 2.77 — -
#1300 um from outer surface.
*2 Center of particle.
*3 The product was not fractionated.
5. D3 ® 2 T T T T
325y p2 3
r D 52
. “-—
About 100 to 200 nickel particles were measured for 3
diameter inspection using at least ten enlarged photo-
graphs of 36,000X. *g
4) Hydrogenation of acetylene The reaction was €1
carried out in an atmospheric flow reactor to compare S
the catalytic properties of the catalysts. The reactor S T,=1073K
was made from Pyrex tube of 10mm internal di- S ]
. = Ta=1073K
ameter. Three kinds of catalysts were used: vapor z G2
deposition Ni/ALO-1 (G12L), gas-phase reduction Ni | [ | |
(G2FP: nickel fine particles by the reduction of nickel 0 20 40 60 80 100

chloride vapor in bulk gas phase in G2), and impreg-
nated Ni/ALO-1 (nickel content 1.4wt%). The im-
pregnation method was described in the previous
study.’® G2FP was mixed with fine powder of ALO-
1, and was pelletized, producing 3.0 wt%, G2FP/ALO-
1. In the reaction experiments, a sieved fraction from
20 to 100 mesh was used for each catalyst.

About 40 mg of the catalyst was packed into the
reactor and pretreated in a stream of hydrogen at
673K for 1 h. The reaction rate was measured at 370
450 K. The partial pressure of acetylene was 5.1 kPa
and that of hydrogen was 40.5 kPa. The total feed rate
was 200cm® (NTP)-min~!.

2. Results and Discussion

2.1 Nickel content

The nickel content of each catalyst is shown in
Table 2. Deposition of nickel chloride vapor on the
alumina support does not occur substantially in the
presence of hydrogen (G2). On the other hand, nickel
supported on alumina was obtained in G3-G13. As
shown in Table 2, the nickel content of each lower
sample is larger than that of the upper sample ob-
tained in the same run. This results from the smaller
vapor pressure of nickel chloride in the upper section
of the alumina bed than that in the lower section. The

Deposition time, tg, [min]

Fig. 3. Effect of deposition time on nickel content
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Fig. 4. Effect of deposition temperature on nickel content

above description is supported by the material bal-
ance of nickel'chloride. That is, 8 to 209 of the nickel
chloride vapor was adsorbed by the alumina during
passing through the bed.

In Figs. 3 and 4, the effects of deposition time and
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Fig. 5. Nickel concentration profiles (Type I experiments).
*“L" refers to the lower sample

deposition temperature respectively on nickel content
are shown, The nickel content increases with increas-
ing deposition time and decreases with increasing
deposition temperature.

2.2 Intraparticle nickel concentration profile

The nickel concentration profiles are illustrated in
Figs. 5, 6 and 7. In Figs. 5 (G3L fand G7L) and 6, the
penetration of nickel proceeds with deposition time
(z,2). Figure 7 shows the good reproducibility ob-
tained in the present study.

An attempt was made to apply the unreacted core
model?" to those results. In the present case, the
incorporation of nickel chloride is analogous to “re-
action™ in the model. In the case of external mass
transfer controlling, the time for complete incorpo-
ration is expressed as follows.

t*z padSR (3)
BCNiClz.bkc

In the case of intraparticle diffusion controlling, the
time is as follows.

[*_ paa‘sR2 (4)
6CNiC12,bDe.NiC12

The calculated #* from Eqs. (3) and (4) were about
3min and 3 h, respectively. The parameters used are
presented in Table 3. Since it took about 1 h for the
complete penetration of nickel layer (Figs. 5 and 6),
intraparticle diffusion is supposed to control the
intraparticle nickel profile.
2.3 Morphology of nickel particles

Transmission electron micrographs of G6L, G2FP
(nickel fine particles by gas-phase reduction in G2),
ALO-1, and impregnated nickel/alumina (nickel con-
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Fig. 6. Nickel concentration profiles (Type If experiments).
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Fig. 7. Result of reproducibility experiment. *' “L” refers
to the lower sample. *?Six particles in each sample show
particle-to-particle reproducibility.

Table 3. Model parameters for unreacted core model based
on Run G11

Pue  [mol-m™7) 53 % 10?

R [m] 1.55%x 1073
Cnic, » {mol-m ] 8.1x10°?
k, [m-s71] 1.8x1072#!
Dy, Im?es7!] 2.5%1077%2

*1 Calculated from Yoshida’s correlation.??

*2 (alculated from Knudsen diffusion coefficient on the assum-
ption that (porosity/tortuosity) =0.1.

tent 4.3 wt%))'® are shown in Fig. 8. Figure 9 shows
transmission electron micrographs of (G121 under
lower magnification. The black images are nickel



Fig. 8. Transmission electron micrographs: (a), G6L: (b),
G2FP (nickel fine particle by the reduction of nickel chloride
vapor in bulk gas phase in G2); (¢). ALO-1; (d), impregnated
nickel/alumina.'® Black images represent nickel particles.

Fig. 9. Transmission electron micrographs of GI12L under
lower magnification

particles. The nickel particle surface of the typical
vapor deposition nickel/alumina (G6L) consists of
convex parts and concave parts, whereas that of the
gas-phase reduction nickel fine particle (G2FP) is
smooth. Neither particle is spherical in most cases.
The nickel particle of the impregnated nickel/alumina
is smaller than that of gas-phase method nickel/
alumina, and is substantially spherical.

The nickel particle size distributions of G2FP and
G3L from TEM photographs are illustrated in Fig.
10. The particle size distributions and the average
sizes of other catalysts (G5L-G7L and G11L-GI13L)
were similar to those of G3L. It can be seen from the
result that the deposition temperature and the de-
position time have no significant effect on the distri-
bution and its average diameter (500-650 nm).

It is necessary to discuss whether nickel particles of
about 500 nm diameter can be present in the interior
of ALO-I1, which has 9 nm modal pore diameter. We
suppose that this is possible from three kinds of
measurements (EPMA, TEM, and mercury porosim-
etry) for the following reasons. First, the nickel
content by EPMA agree with those by the HCI
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Fig. 10. Nickel particle size distributions. *“L™ refers to
the lower sample.

dissolving method in consideration of the accuracy of
EPMA (Table 2). Second, an outer portion and an
inner portion of the catalyst particle (G6L) were
individually inspected by TEM. In both inspections,
nickel particles of about 500 nm diameter were ob-
served with similar frequency. Third, the partial pore
volume of ALO-1 above 500nm pore diameter was
measured three times by a mercury porosimeter. The
average partial pore volume was 0.0092¢m?-g~! and
its standard deviation was 0.0028cm®-g~'. The
nickel content of 3wt?, is converted to 0.0033cm?-
metal nickel - (g-cat.) "', which is less than the partial
pore volume (0.0092cm?-g~!). From those results, it
appears that nickel particles of about 500 nm diam-
eter can be present in the interior of ALO-1.

The average nickel diameter of G2FP, which is
obtained by gas-phase reduction in G2, is 123 nm,
about one-fith that of the nickel/alumina prepared by
the vapor-deposition method (500-650 nm).

2.4 Hydrogenation of acetylene

The Arrhenius plots of the reaction are presented in
Fig. 11 for three kinds of catalysts, prepared by the
three methods described in 1.2. The activation en-
ergies are about 50kJ-mol ™' regardless of prepara-
tion method, and agree with the values in the litera-
ture.® The reaction rate per unit surface area of nickel
shows the following order: GI12L>G2FP/ALO-
1 ~impregnated Ni/ALO-1. From the results of the
morphological study (Section 2.3) and of the reaction
study, the nickel particle (about 500 nm diameter) in
the vapor-deposition catalysts is thought to be an
agglomerated body of smaller nickel particles.

Conclusions

Eight kinds of nickel/alumina catalyst were pre-
pared by the deposition of nickel chloride vapor on an
alumina support followed by hydrogen reduction.
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Fig. 11. Arrhenius plots of acetylene hydrogenation

Characterization of the catalysts led to the following
conclusions.

1) The support, ALO-1, incorporated nickel chlo-
ride vapor at 1013 to 1073 K, whereas nickel(Il) ion
was not adsorbed by the support in aqueous solution.

2) The nickel content increased with increasing
_deposition time, and decreased with increasing de-
position temperature.

3) The intraparticle penetration of nickel in alu-
mina proceeded with increasing deposition time.
Significant nonuniformity disappeared after about
1 h. This phenomenon is interpreted as nickel chloride
incorporation under intraparticle diffusion control-
ling by the application of the unreacted core model.

4) The surface of the nickel particle consisted of
convex parts and concave parts. The average diam-
eters were 500 to 650 nm, which were not affected by
the deposition time or the deposition temperature.

5) The activation energies of acetylene hydrogen-
ation were about 50kJ-mol ™!, regardless of prep-
aration method, whether gas-phase method or im-
pregnation method. The reaction rate per unit surface
area of nickel showed the following order: vapor-
deposition nickel/alumina > gas-phase reduction nick-
el ~impregnated nickel/alumina.
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Nomenclature
a = breadth of nickel particle in transmission

electron micrograph [mm]
b = length of nickel particle in transmission

electron micrograph " [mm]
Cricty.» = concentration of nickel chloride vapor

in bulk fluid [mol-m ™3]
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D, nict, = effective diffusion coefficient of nickel

chloride vapor [m?-s71]
D, = sphere equivalent diameter of nickel particle

based on external surface area [nm]
D, = surface mean diameter of nickel particle [nm]
Fu. = gas flow rate of argon introduced from

entrance ® in Fig. 2. [cm?3-min ]
Fyq = gas flow rate of hydrogen introduced from

entrance @ in Fig. 2. [cm?- min 1]
A = enlargement factor from negative to print of

transmission electron micrograph [
I = magnification factor of transmission

electron microscope [—1]
k. : = mass transfer coefficient [m-s71]
R = catalyst radius [m]
T, = temperature in deposition zone K]
T, = temperature in vaporization zone K]
tat = deposition time during temperature

elevation [min]
te = deposition time at 7, [min]
L, = reduction time [min]
r* = time for complete incorporation of

nickel chloride on alumina [s]
Pads = saturated incorporation density of nickel

chloride on alumina [mol-m ™3]
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