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ABSTRACT

Four kinds of nickel hydroxide were prepared from different starting materials, and their
properties were studied by means of X-ray diffraction, thermal analysis, and IR spectra. The
nickel oxide catalysts were prepared by decomposing these nickel hydroxides in vacuo and

their catalytic activity was tested for the hydrogenation of soybsan oil. Consequently, it was
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found that nickel hydroxide prepared by urea hydrolysis was semicrystalline of hydrated
structure, while the others, three kinds of nickel hydroxide precipitated by ammonium
hydroxide or sodium hydroxide were all the same hexagonal system of brucite type. The
varicus adsorbed species including nitrate ion, sulfate ion, carbon dioxide, ammonia, and urea

were cbserved in IR spectra. Among these species, nitrate and sulfate species were so stable

that they remained considerably even after evacuation at 430°C. These adsorbed species
affected the catalytic activity profoundly. Also, it was found that NiO (N-U) catalyst
c¢xhibited higher catalytic activity than any other catalysts and showed a maximum activity

after evacuation at 400°C for 1.5hrs.

1. Introduction

Nickel catalyst for hydrogenation of organic
compounds has been usually prepared by pre-
cipitation method.'-? However, it has been
known that the catalytic activity of a catal-
yst is deeply affected by the method of cata-
lyst preparation and the condition of pretrea-
tment3~4, This seems to be responsible for
the fact that the physical or chemical struct-
ure of a catalyst varies with the different
method of preparation and the chemical spe-
cies adsorbed on the surface affect profoundly
the catalytic activities.

Arata and HinoS-? reported that remarkable
increases in the surface acidity and in the
catalytic activity of Fe:0s, TiO; and ZrO:
were caused by treatment with sulfate ion,
followed by calcination prior to crystallizat-
ion. Recently, Tanabe et al.l? found that Fe;
Os obtained by hydrolysing iron-alum with
urea showed high catalytic activity for the
acid catalytic reaction which was explained
in terms of the effectiveness of adsorbed
sulfate ion.

In 1937, Willard and Tang!! used the rea-
ction of urea with water to precipitate Al**
jons from a homogeneous solution. At tempe-
ratures above 70°C urea reacts with water to
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give the overall reaction,
CO(NHz): + 3 H.O — 2 NH,* + 20H-
+ COQO..

The mechanism of this reaction was stud-
ied by Shaw and Bordeaux!?. Since the urea
molecules are distributed homogeneously in
the solution, the OH ions are also generated
homogeneously throughout the system and
thus the occurance of local OH- ion concentr-
ations markedly higher than the average value
is avoided. We also tried to prepare nickel
hydroxide through a homogeneous precipitation
method using urea as a precipitant.

In this paper, it is the object to study the
properties of nickel hydroxides prepared by
using various precipitants by means of infra-
red spectra, thermal analysis and X-ray dif-
fraction, and to examine the catalytic activity
of nickel oxides for the hydrogenation of
soybean oil,

2. Experimental

Four kinds of nickel hydroxide were prep-
ared from different starting materials as
follows. An aqueous solution of nickel nitrate
and urea was heated to about 90°C with sti-
rring for 24 hours. The precipitation could be
observed at about 1 hour of heating. The

precipitate was filtered and washed with
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and dried
in a drying oven at 100°C. The nickel hydr-

distilled water at least 20 times,

oxide thus obtained was denoted by a symbol
of Ni(OH). (N-U) derived from starting ma-
The second nickel hydroxide, Ni
(OH):. (N-A) was precipitated from a.soluti-

terials.

on of nickel nitrate with an aqueous solution
of ammonia. The third nickel hydroxide, Ni
(OH): (N-S) was precipitated from a solution
of nickel nitrate with a solution of sodium
hydroxide. The fourth nickel hydroxide,
Ni(OH); (S-S) was

solution of nickel sulfate with a solution of

precipitated from a

sodium hydroxide. These nickel hydroxides
were filtered and washed with distilled
water until nitrate ion and sulfate ion were
not detected by diphenyl amine and barium
salt solution, respectively. After drying at
100°C they were stored in a desiccator.

The nickel oxide catalyst was prepared
from nickel hydroxide by decomposing it in
vacuo in the reactor. The nickel oxide thus
obtained was denoted by a symbol similar to
that of nickel hydroxide. For example, NiO
(N-U) means nickel oxide catalyst prepared
by decomposing Ni(OH):(N-U)
Hydrogen from a commercial source was

in vacuo.

purified by passing through a liquid nitrog-
en trap. Soybean oil consisted of linoleic acid
51.2%, linolenic acid 8.5%, oleic acid 26.4%
stearic acid 4.4%, and palmitic acid 9.2%
was obtained from Jail Sugar Refining Co.
and used after removing air in it.

To obtain IR spectra, nickel hydroxide
powder was attached on the both sides of
KBr disc by pressing at about 400 kg/cm? to
prevent the collapse of pure Ni(OH): disc
due to the decomposition at the elevated tem-
perature.

IR spectra of nickel hydroxide disc mounted

in a heatable gas cell were recorded on a

/

JASCO IRA-2 spectrometer in the range of

Then,
the spectroscopic measurement and the dega-

4000~400cm~! at room temperature.

ssing for at least I hour at several tempera-
tures, 25°, 120°, 200°, 270°, 350°, and 430°C
were repeated to examine the variation of Ni
(OH). spectra and to ascertain the adsorbed
species during precipitation.

The catalytic activity for soybean oil hyd-
rogenation was determined at 80~160°C by a
conventional static system as shown in Fig.
1 following pressure change of hydrogen
from an initial pressure of 440 torr. Fresh
catalyst precursor of (.05gram was used for
every run and decomposed at a different ev-
And then,
5ml of soybean oil was introduced into a

acuation temperature for 2 hrs.

VP : Vacuum pump
VG : Vacuum gauge
T : Trap
S : Gas container
CP : Circulation pump
R : Reaction tube
D : Dewar vessel
M : Manometer
B : Gas burette
C :Cock
Fig. 1. Reaction apparatus for the soybean oil
hydrogenation.
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reactor and the catalyst was suspended in
soybean oil by rotating a magnetic bar at a
constant rate of 1000 rpm during reaction.

The specific surface area was determined
by adsorption of nitrogen at —196°C. X-ray
diffractograms were taken by a Rigaku Den-
ki Model D8C diffratometer using Cu-Ka
radiation and nickel filter at 1000 cps. The
thermal analysis was carried out with Riga-
ku Denki Thermoflex in air.

3. Results and Discussion

3-1. X-ray diffraction pattern

Fig. 2. represents X-ray diffraction patte-
rns of nickel hydroxides and nickel oxide
prepared in this work., As shown in this fig-
ure, X-ray diffraction pattern of nickel hyd-
roxide prepared by urea hydrolysis is very

BU

I
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e
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A : Ni(OH), precipitated by urea hydrolysis.

B : Ni(OH); precipitated by ammonium hydroxide
or sodium hydroxide.

C : NiO prepared by decomposing A or B sample
in vacuo at 420°C.

Fig. 2. X-ray diffraction patterns.

spatZ st H21™ A 6 & 1933 128

different from that of nickkel hydroxide
prepared by using other precipitants, ammon-
This
result indicates that different structures of

ium hydroxide or sodium hydroxide.

nickel hydroxide are formed depending on the
experimental condition and starting materials.
Since three kinds of nickel hydroxide, Ni
(OH):(N-A), Ni(OH):(N-S), and Ni(OH).
(S-S) exhibit the same X-ray diffraction pat-
tern, these samples are believed to have all
the same hexagonal layer structure of brucite
On the
other hand, X-ray diffraction pattern of Ni
(OH):(N-U) was very similar to that of
hydrated magnesium hydroxide, Mg(OH);-

type having a space group Da 3.

nH:O reported Shirasaki4, which was semic-
rystalline and appeared like a petal under
electron microscope. Therefore, it is probably
considered that Ni(OH):(N-U) is hydrated
nickel hydroxide, which is confirmed in DTA
analysis as will be shown in the following
section. With all the nickel oxide samples
prepared by decomposing four kinds of nickel
hydroxide in vacuo at 400°C, however, the
same structure of cubic system was observed
as shown in pattern C of Fig. 2.

3-2. Thermal Analysis

In X-ray diffraction patterns, it was known
that there are two different structures of
nickel hydroxide. To examine the properties
of nickel hydroxides more clearly, their the-
rmal analysis was carried out and illustrated
in Fig. 3. As for Ni(OH):(N-U), two ma-
xima of endothermic peak appeared at about
100°C and 300°C. It seems that the first peak
in the range of 80~120°C is attributed to the
removal of hydrated water, while the second
peak in the range of 260~340°C is responsi-
ble for the decomposition of nickel hydroxide.
The decomposition of nickel hydroxide is
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Fig. 3. DTA and TGA curves of nickel hydroxide.

known to begin at 230°C's. The above result
makes sure that Ni(OH):(N-U) is hydrated
nickel hydroxide as indicated in X-ray diffra-
ction pattern. As for Ni(OH):(N-A), on the
other band, it is observed that there is only
a peak due to the decomposition in the range
of 250~340°C without observing the removal
of hydrated water shown in the case of Ni
(OH);(N-U). It is considered that a very
weak and broad peak in the range of 70~
140°C is due to the removal of water adsor-
bed on the surface of the sample

3-4. IR spectra of Ni(OH):(N-U)

Some IR spectra recorded during sequential
heat treatments of the sample in vacuo are
shown in Fig. 4. The spectrum after evacu-
ation at 25°C for 1 hour showed a very broad
absortion below 3660cm-! attributed mainly
to hydrated water, which was also confirmed
in the deformation band of water at 1630 cm
-1, Heat treatment in vacuo led to a conside-
rable decrease of this band, indicating the

removal of hydrated water. Degassing at hig-

her temperatures caused further removal of
hydrated water and the sample became more
transparent. The maximum of absorption ba-
nd in these spectra is shown at 3660cm™.
The high intensity and narrow width of this
band is an evidence of the energetic homoge-
neity of the OH groups in nickel hydroxide.
However, a considerable decrease of the inte-
nsity of this band is observed at the evacu-
ation temperature of 270°C, indicating the
occurrence of Ni(OH):(N-U) decomposition.
This result agrees with that of DTA. At the
evacuation temperature of 350°C, the band of
hydroxyl group is not observed, which means
the complete decomposition of nickel hydrox-
ide.

The intense peak at 2200cm~! is assigned
to the stretching vibration of linearly adsor-
bed carbon dioxide'® which is formed during
urea hydrolysis. This adsorbed species is very
stable up to the evacuation temperature of
270°C, but disappears at above 350°C. Also,
it is seen that there are various absorption
bands in the region of 1680~800cm~!. These
bands are attributed to the absorption bands
overlapped by nitrate ion, ammonia, and urea
adsorbed on the surface of nickel hydroxide.
In fact, the decomposition products formed
from Ni(OH).(N-U) were
mass spectrometer during evacuation at tem-

analyzed by a

peratures between 250° and 550°C, and were
found to be largely water and carbon dioxide
including trace amounts of ammonia, nitrogen
oxide, and nitrogen, indicating the presence
These

results indicate that the species adsorbed du-

of urea, nitrate ion, and ammonia.
ring precipitation are scarcely removed owing
to the strong interaction between adsorbed
species and surfaces, although the precipitates
are washed with distilled water many times.

These bands are considerably st2blz even at
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higher evacuation temperatures as shown in
Fig. 4. However, at the evacuation temper-
ature of 430°C, it is seen that most of the-
adsorbed species are desorbed, only leaving
characteristic bands of nickel oxide!”!® at
1030, 585, and 425cm™.

3-5. IR spectraof Ni(OH).(N-A)

Fig. 5 exhibits the IR spectra of Ni(OH).
(N-A) at various evacuation temperatures.
The sharp band attributed to the OH stretc-
hing vibration of Ni(OH): appears at 3675cm™!
which agrees very closely with 3676 cm™! rep-
orted by Erkelens!®, together with the broad
diffuse band below 3675cm™' and that at
1630 cm-! due to adsorbed water. Compared
with Ni(OH).(N-U),
temperatures caused further fast removal of

degassing at higher

adsorbed water as shown in Fig. 5. In cons-
equence of this, the bands due to adsorbed
water can not be seen after evacuation at
200°C for 1 hour.

It is probably considered that the triply
splitted bands at 1500, 1387, and 1310cm™*
are attributed to the vs asymmetric stretchi-
ng mode of nitrate ion?®, Then, these bands
disappear simultaneously after evacuation at
350°C although a little amount of these bands
remains even after evacuation at 430°C as
The band at 993cm™ is

assigned to the »: symmetric stretching mode

shown in Fig. 5.

of nitrate ion which is infrared inactive in the
Dsi anion, but the sharp feature results from
activation of this mode through the adsorption
of the anion on the surface. The assignment
concerning nitrate v stretching mode can be
more confirmed by the fact that the desorpt-
ion behavior of bands at 1387 and 993cm™!
according to evacuation temperature is simu-
The above
fact suggests that these bands result from
Pollard et al.?t
reported in IR study of group I nitrates that
the sharp features at 1017 and 1030 cm™*

Itaneous as shown in Fig. 5.

the same chemical species.

°lo Transmission

1284

; 1457 1380
V2200
3600 2000 1600 1200 800 400
Frequency(cm™)

Fig. 4. IR spectra of Ni(OH).(N-U) at various evacuation temperatures.
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resulted from activation of nitrate »; mode
through the strong cation distortion of the
anion. The adsorbed nitrate species is so
stable that a little amount of this remains
even after evacuation at 430°C, including the
characteristic bands of nickel oxide at 1039,
584, and 425cm-L.

The IR spectra of Ni(OH).(N-S) were si-
milar to those of Fig. 5 in all the region
except less intensity of nitrate ion so that

they were not shown in this paper.

’-g. IR spectra of Ni(OH): (S-S)

Fig. 6. represents the IR spectra of Ni
(OH):(S-S) at various evacuation tempera-
ture. The pattern of these spectra is very
different from those of Figs. 4 and 5. This
seems to be responsible for the nickel hydroxide
prepared by using nickel sulfate solution in
place of nickel nitrate. The same results as
in the other samples were gained in the reg-
ion of OH stretching vibrations of nickel hy-

droxide and adsorbed water. However, new
bands which were not observed in the other
samples appcared below 1200 cm-! as shown
in Fig. 6. The new bands at 138), 1110,
1038, 925, and 613~710cm™' are attributed
to the adsorbed sulfate ion because these bands
are not observed in the other samples. Exam-
ining these spectra in detail, it seems like
that there are at least two different adsorbed
species. The first species which appears at
1380 cm™! is relatively stable up to the evac-
uation temperature of 270°C, but desorbs aft-
er evacuaton at 350°C. This band is assigned
to asymmetric S = ( stretching mode of whi-
ch frequency is rather closer t01440~1350cm ™!
region?? of covalent sulfates than to 1160~
1030 cm ™! region of metal sulfates?.

The second species which appears doubly
at 1100 and 1038cm~! is very stable even
after evacuation at 430°C. Hino and Arata®
reported that the ZrO. catalyst treated with
sulfuric acid showed a superacid strength of

%, Transmission

V1387

600 2800

1600 1400 1200 1000

800 600 400

Frequency(cr')

Fig. 5. IR spectra of Ni(OH); (N-A) at various evacuation temperature.
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Fig. 6. IR spectra of Ni(OH)»(S-S) at various evacuation temperatures.

H, << —13.75, with heat-treatment, even at
800°C, indicating that the adsorbed sulfate
These

bands are assigned to asymmetric SO, - stre-

ion is very stable on the surface.

tching mode which is usually observed in ino-
rganic sulfate ion?3.

It is considered that the weak band near
925cm-! is attributable to the symmetric
S04~ stretching. The symmetric SO, stret-
ching is normally forbidden by symmetry
but may occasionally be seen as a weak
band near 1000 cm~! by the break of symme-
try through adsorption2%2¢, The band near
610 cm™! is assigned to v, vibrational mode of
adsorbed sulfate ion.

3-7. IR spectra of Ni(OH), treated with
D0

The capacity for deuterium exchange was

investigated with nickel hydroxide samples.

The samples were first evacuated at 200°C

to remove hydrated water or adsorbed water,

and treated with D,O at room temperature

gtatZ33at ®M21 3 M 63 19831 129

for 12 hours followed by evacuation at 200°C.
Deuteration of Ni(OH):(N-A) caused the
sharp intense band observed at 3675cm™! to
shift to 2676 cm~!. For Ni(OH).(N-U), the
band at 3660cm™! was shifted to 2665cm™! as
illustrated in Fig. 7. The bands at 2676 and
2665 cm™'are assigned to the stretching vibr-
ations of the structural OD groups formed as
a result of the partial exchange of OH for
OD. This is supported by the frequency ratio,
vou/vop = 1.37 in both samples. Similar spe-
ctral features were also observed for other
two samples. With Ni(OH).(N-U) treated
with D,O followed by evacuation at 200°C,
the broad diffuse bands are observed below
3660 and 2665cm~! respectively. These are
attributed to the hydrated water, H,O and
DO respectively. The broad diffuse nature of
these bands suggests that they arise from
lattice modes of the hydrogen bonded hydro-
xyl layers. Comparing spectra between two
samples in Fig. 7, it is supposed that it is
more difficult to remove water from nickel
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before treated

after

treated
—=

% Transmission

2665
after treate

before treated

13660 .
4000 3500 3000 2500
Frequency(cm?)

A Ni(OH)2(N-A)
B : Ni(OH):(N-U)

Fig. 7. Shift in OH stretching band of nickel hy-
droxide through deuterium substitution.
Evacuation temperature : 200°C.

hydroxide of hydrated structure than from
nickel hydroxide of brucite type, for we can
not observe the absorption bands due to water
in IR spectra of Ni(OH):(N-A) after evac-
uation at 200°C.

3-8. Catalytic activity for the hydrogen-
ation of soybean oil

Since the various adsorbed species remain
considerably after evacuation at higher tem-
peratures as mentioned, which depends on the
kind of starting materials and preparation
methods, it is expected that these adsorbed
species will affect the catalytic activity. Four

catalysts were tested for their effectiveness
of the soybean oil hydrogenation. It was fo-
und that on four kinds of nickel oxide, hyd-
rogen was continuously consumed as shown
for NiO(N-U)in Fig. 8 although the cataly-
tic activity was affected on the catalyst pre-
paration method and decomposition temperat-
ure. Since the reaction rate was slow at the
reaction temperature of 80°C, all the reactio-
ns hereafter were carried out at 120°C.
Catalytic activity has frequently been found
to be dependent on the temperature at which
the catalyst precusor has bsen pretreated?s.
In Fig. 9,
catalysts are plotted against the evacuation

the hydrogenation activities of

temperature at which the catalyst was pretr-
eated for 2hrs. The catalytic activity was
expressed as the amount of hydrogen consu-
med in the initial 8 minutes. For NiO(N-U),
the catalytic activity appears above 300°C
reaching a maximum at 400°C. Comparing
the intensity of adsorbed CO, in Fig. 4
with the catalytic activity of NiO(N-U), it
can be seen that there is a correlationship
between them. Namely, the abrupt increase
of activity from 300°C to 350°C is due to the
desorption of CO, adsorbed on the surface of
NiO(N-U). As shown in Fig. 4, the intensity
of adsorbed CO. decreased remarkably after
evacuation at 350°C. Also we can not see the
peak of CO: after the evacuation temperature
of 400°C at which a maximum activity was
obtained. From the above results, it is very
likely that the active sites for hydrogenation
are formed mainly by desorption of CO: ads-
orbed on NiO(N-U) catalyst. The remarkable
decrease at the evacuation temperature of
450°C is probably explained in terms of the
decrease of specific surface area of the catal-
yst due to sintering at higher temperature.
The specific surface area of nickel oxides at

HWAHAK KONGHAK Vol. 21, No. 6, December 1983
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Fig. 8. Pressure change during the course of soy-
bean oil hydrogenation over NiO(N-U) at
various reaction times. NiO(N-U) was
prepeared by decomposing at 400°C.
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Fig. 9. Variation of the catalytic activity with
evacuation temperature for the soybean oil
hydrogenation. Evacuation period: 2 hrs.

various decomposition temperatures for 2 hrs

is listed in Tabdle 1.

The variation of catalytic activity with
evacuation time at 400°C is illustrated in Fig.
10. The activity appeared most highly after
evacuation for 1.5 hrs but dropped suddenly
after 3 brs due to the sintering of catalyst.
Therefore, in this work, the decomposition

of all nickel hydroxides was carried out for
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Table 1. Specific surface area of nickel oxides at
various decomposition temperatures. (m2/g)

Decomposition 250 300 350 400 450 500
temperature(°C)
Catalyst
NiO(N-U) 124 136 130 114 7 61
NiO(N-A) 155 166 127 100 76 71
NiO(N-S) 7% 69 51 39 30 25
NiO(§-S) 90 8 81 64 55 46
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Fig. 10. Variation of the catalytic activity of NiO
(N-U) with evacuation time at 400°C.

2 hrs constantly.

For NiO(N-A) catalyst, the pattern of cat-
alytic activity against decomposition temper-
ature is different from that of NiO(N-U),
exhibiting a maximum activity at 300°C. At
350°C, however, the catalytic activity dropped
suddenly unlike NiO(N-U) catalyst of which
catalytic activity was very high at this tem-
perature. This fact indicates that the forma-
tion mechanism of active site in two catalysts
is different each other. Although the adsor-
bed nitrate species remained considerably after

evacuation at 270~350°C as shown in Fig. 5.
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a maximum catalytic activity at 300°C sugg-
ests that the active site is not formed from
the desorption of nitrate species. It has been
known that nickel metals are formed on the
surface of nickel oxide when nickel hydrox-
ide is decomposed in vacuo®??. In case of
NiO (N-A), it is likely that the active site
is attributed to the nickel metal formed duri-
ng decomposition in vacuo. The remarkable
drop of activity after evacuation at 350°C is
probably due to two factors. It is considered
that main one is the decrease of surface area
as shown in Table. 1, while minor one is
the oxidation of active site which was brought
out by the decomposition of adsorbed nitrate
species. The detection of NO from NiO(N-A)
by a mass spectrometer supports the above
result.

As for NiO(N-S) and NiO(S-S) catalysts,
the patterns of catalytic activity are very
similar each other as shown in Fig. 9, not
exhibiting a maximum point. Comparing with
NiO(N-A), these catalysts exhibit not only
low activity but also small surface area. As
shown in Fig. 6, sulfate species adsorbed on
NiO(S-S) remains considerably even after
evacuation at 430°C. In case of NiO(N-S),
nitrate species remains considerably in its IR
spectra although the IR spectra are not shown
in this paper. It is sure that these adsorbed
species work as catalyst poison and deactivate
the catalytic activity.

Conclusion

The nickel hydroxide prepared by urea
hydrolysis was semicrystalline of hydrated
structure while the others, three kinds of
nickel hydroxide precipitated by ammonium
hydroxide or sodium hydoxide were all the

same hexagonal system of brucite type. The

various adsorbed species including nitrate
ion, sulfate jon, carbon dioxide, ammonia,
and urea were observed in IR spectra differ-
ently depending on the preparation method
These adsorbed

species affected the catalytic activity for the

and starting materials.

soybean oil hydrogenation.

NiO(N-U) catalyst prepared by urea hydr-
olsis exhibited higher catalytic activity than
any other catalysts and showed a maximum
catalytic activity after evacuation at 400°C
for 1.5 hrs.
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