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Abstract

Castor oil can be used as a useful raw material for chemical industries such as intermediates of surfactants through hydro-
genation reaction. In this study, effects of the preparation method and pretreatment condition on the nickel catalyst for the
hydrogenation of castor oil were investigated. The nickel catalyst was supported on the silica carrier by the precipitation meth-
od with different Ni contents, solution pH values, and precipitants. Repeated pretreatments of oxidation and reduction cycles
were then carried out. The activity of the nickel catalyst was measured by comparing the iodine value of the castor oil. The
dispersion of nickel on the catalyst was analyzed by X-ray diffraction (XRD), N, adsorption-desorption, and transmission elec-
tron microscopy (TEM). The activity of nickel catalyst was also compared by CO oxidation experiments. The redispersion
of nickel occurred on the silica by repeated oxidation and reduction cycles, and this effect contributed to promoting the castor

oil hydrogenation activity.
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1. Introduction

Castor is a widely cultivated, inexpensive, environment-friendly, and
industrial oil plant. Castor oil, as an important and special feed, has
long been known as a medicinal oil and has been used as an ingredient
in the oleochemical industry[1-4]. The broad and versatile use of castor
oil is due to its main component, ricinoleic acid (12-hydroxy-9-cis-octa-
decenoic acid), which represents ~90% of the fatty acids in the vegeta-
ble triglycerides[5]. Oil hydrogenation is a very important operation in
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the industrial process of producing starting components for the cosmetic
and chemical industry (lubricants, emulsifiers, soaps, creams, pastes,
and others)[2]. The field of catalytic hydrogenation of castor oil has
seen a lot of advances in recent years, especially regarding efforts to
lower the iodine value of castor 0il[6]. Castor oil, like many other plant
oils, is a valuable renewable resource for the chemical industry[3,4,7].

Nickel, copper, copper-chromite, platinum, and palladium are the
most common metals used as active heterogeneous catalysts for partial
hydrogenation. However, hydrogenation with Ni catalysts has been the
choice of industry, largely due to its availability, low cost, and inert
nature of the metal relative to the oil[1,8-15]. Ni supported on kie-
selguhr is the most widely used catalyst for industrial hydrogenation.
This support is produced mainly from amorphous SiO,, and has suit-
able textural, thermal, and chemical characteristics for the reaction un-
der study[15,16].
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Table 1. Procedure for the Preparation of Different Catalysts (Changing the Metal Weight Fraction, pH, and Precipitants. The Various Pretreatment

Steps are Shown, Where Applicable)

Catalyst NO. Catalyst code. Ni (wt%) pH Precipitant
1 (40/4.5/S) Ni/SiO, 40 4.5 Sodium carbonate
2 (40/5.5/S) Ni/SiO, 40 5.5 Sodium carbonate
3 (20/4.5/S) Ni/SiO, 20 4.5 Sodium carbonate
4 (50/4.5/S) Ni/SiO, 50 4.5 Sodium carbonate
5 (40/4.5/A) Ni/SiO, 40 4.5 Ammonia water
1-1 (40/4.5/S) Ni/SiO,; C 40 4.5 Sodium carbonate
1-2 (40/4.5/S) Ni/SiO,; C-R 40 4.5 Sodium carbonate
1-3 (40/4.5/S) Ni/SiO,; C-R-O 40 4.5 Sodium carbonate
1-4 (40/4.5/S) Ni/Si0; C-R-O-R 40 45 Sodium carbonate
1-5 (40/4.5/S) Ni/Si0Oy; C-R-O-R-O 40 45 Sodium carbonate
1-6 (40/4.5/S) Ni/SiO,; C-R-O-R-O-R 40 4.5 Sodium carbonate

The dispersion of metals on catalyst support is a very important fac-
tor for heterogeneous catalyst. Also, redispersion of metals on catalyst
was observed in several catalysts, like Pt and Pt-Rh alloys. In these cat-
alysts, oxidation-reduction pretreatment induced the metal redispersion.
A high degree of dispersion can be acquired and a high catalytic activ-
ity is also achieved. In this study, we have applied this pretreatment
to the Ni catalyst and studied Ni dispersion.

There are many studies about castor oil hydrogenation with Ni/SiO,
catalyst. However, few studies have addressed the hydrogenation of
castor oil over the Ni/SiO, catalyst that was pretreated by an oxida-
tion-reduction cycle. The pretreatment effect of Ni catalyst for hydro-
genation of castor oil, effect of precipitant, and content of Ni on hy-
drogenation catalytic activity were investigated. Particularly, the effect
of repeated oxidation-reduction (OR) pretreatment of Ni catalyst was
studied in terms of Ni particle size, state of Ni, dispersion, and cata-
lytic activity. Pretreated Ni catalysts were also tested for their catalytic
activity in the CO oxidation reaction. Physicochemical characteristics
of these catalysts were measured by X-ray diffraction (XRD), N, ad-
sorption-desorption, and transmission electron microscopy (TEM).

2. Experimental

2.1. Catalyst preparation

Ni/SiO; catalysts were prepared by the precipitation of nickel nitrate
with either ammonium hydroxide or sodium carbonate in a solution
where silica particles are suspended[8]. Solutions of nickel were pre-
pared via the dissolution of Ni(NOs), + 6H,O in distilled water. An
aqueous solution of nickel (II) nitrate hexahydrate was added to the
precipitants to adjust the pH. The precipitate was washed and filtered
progressively. The precipitants, urea, sodium carbonate (Na,COs), and
aqueous ammonia, were prepared by dissolution in distilled water.
After completion of the precipitation reaction, the precipitated solids
were filtered, washed, and dried at 110 C for 12 h. The dried solids
were subsequently calcined at 500 ‘C for 4 h. The nomenclature of the
catalysts includes the measured amount of metal supported on the
SiO,, the preparation method, and repetition of pretreatment method.

Those are summarized in Table 1.

2.2. Catalytic reactions

2.2.1. Hydrogenation of castor oil

Castor oil was used as the feedstock. Transfer hydrogenation was
carried out in a 10-L reactor. In this study, 2.5 kg of the oil and 50
g of the catalyst were loaded into the batch reactor. The reactor was
connected to a hydrogen source and during the process, Ha, pressure
was maintained constant at 9 bar. The temperature of the reactor was
controlled by a temperature controller at 140 C, and the stirring speed
was retained at 355 rpm for the duration of the reaction. The hydro-
genation activity was determined through iodine value measured by the
Wijs method.

2.2.2. Hydrogenation of propylene

Hydrogenation reactions were carried out in a conventional differ-
ential fixed-bed reactor whose inner diameter was 15 mm. The cata-
lytic bed consisted of 0.15 g of catalyst powder. Typical feeding gas
comprised propylene, hydrogen and nitrogen in the ratio 1 : 1 : 4.
Flows were regulated by mass flow controllers (GMATE2000A). The
reaction products were analyzed using a GC unit (HP 5890) containing
a 30 m x 0.0320 mm AT-Q column, operating at 220 ‘C with helium
as carrier gas.

2.2.3. Oxidation of carbon monoxide

The CO oxidation experiments with the Ni/SiO, catalyst were car-
ried out in a continuous-flow quartz fixed-bed reactor (internal diame-
ter = 5 mm) under atmospheric pressure. The Ni/SiO, catalyst (0.5 g)
was loaded onto a ceramic holder which was located in the center of
the quartz reactor. The reactants for CO oxidation were fed with a
CO/Oy/N; volume ratio of 1/20/79 for a total flow rate of 275 cm*/min.
The flow was controlled by an independent mass flow controller. The
product gas stream was analyzed by residential combustion analyzer
(Testo 310, Testo AG, Germany), which is a carbon monoxide measur-
ing instrument to calculate the conversion of CO.
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Table 2. Pretreatment Processes Applied to the Supported Ni Catalysts

Hol - 959 - 13

Catalyst code Pretreatment
C Calcination
C-R Calcination/Reduction
C-R-O Calcination/Reduction/Oxidation
C-R-O-R Calcination/Reduction/Oxidation/Reduction
C-R-O-R-O Calcination/Reduction/Oxidation/Reduction/Oxidation
C-R-O-R-O-R Calcination/Reduction/Oxidation/Reduction/Oxidation/Reduction

Table 3. Textural Properties of the Reduced Catalysts Measured by N,-Sorption Analysis

Catalyst code

Surface area (mz/ 2)

Pore volume (cm3/g) Pore size (nm)

(40/4.5/S) Ni/SiO, 17 0.11 24.54

(40/5.5/S) Ni/SiO, 9 0.06 26.26

(20/4.5/S) Ni/SiO, 20 0.07 14.61

(50/4.5/S) Ni/SiO 18 0.08 16.72

(40/4.5/A) Ni/SiO, 17 0.09 21.68

(40/4.5/S) Ni/SiOs; C 14 0.07 20.45

(40/4.5/S) Ni/SiO,; C-R 17 0.11 24.54

(40/4.5/S) Ni/SiO,; C-R-O 13 0.07 21.45

(40/4.5/S) Ni/SiO,; C-R-O-R 17 0.10 23.91

In this paper, the CO conversion was calculated from the change of
the CO concentration :
1\

Inlst €0 Concentration —outlet C0 Concentration

CO Conversion (%) =

* 100

Inlet CO Concentration

2.3. Characterization

The X-ray Diffraction (XRD) patterns of the prepared Ni/SiO;, cata-
lysts were recorded on a diffractometer (D/MAX-2200 powder X-ray
diffactometer, Rigaku, Japan) with Ni-filtered Cu Ka (A = 0.15406
nm). The operating voltage was 45 kV, and the current was 40 mA,
with a 26 scanning rate of 4° min™.

The BET surface areas and N, adsorption-desorption measurements
were performed at -196 C using an automated gas sorption system
(ASAP 2420, Micromeritics, USA).

The experiments for reduction-oxidation cycle (redox) performance
were performed as below. The catalysts were pretreated with H, flow
(92 cm*/ge) at 450 C for 4 h and then were cooled down to room
temperature and reoxidized in air (92 cm3/gcm) at 400 C for 4 h.

The textural properties of the samples as measured by N»-adsorption
and desorption are listed in Table 3. The BET analysis of the silica
support showed a specific surface area of 30 mz/g, while the prepared
Ni/SiO; catalyst presented a surface area of 9 to 20 mz/g.

The surface area and pore size of the catalysts were influenced by
the solution pH used for precipitation, and Ni content. Precipitants had
no effect on catalyst morphology, as shown in Table 3. Moreover, one
reduction cycle increased the surface area, pore volume, and pore size
of the catalysts. Furthermore, these properties were decreased upon in-
creasing the number of pretreatment cycles.
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Figure 1. Schematic diagram of the apparatus used for the oxidation
of carbon monoxide.

(40/4.5/S) Ni/SiO; catalysts were obtained using transmission elec-
tron microscopy (JEM-2010, JEOL, Japan). The catalyst sample was

pretreated using ethanol solution.

3. Results and Discussion

3.1. Catalytic activity

3.1.1. Hydrogenation of castor oil

Figure 2 shows the iodine value of hydrogenated castor oil using the
pretreated Ni

catalysts. lodine value represents the degree of
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Table 4. lodine Value and Extent of Hydrogenation of Castor Oil as a Function of Ni-Supported Catalysts on Stream at 140 C

Catalyst code Time (h) Iodine index Conversion (%)

e 2 19.92 77.1

(40/5.5/S) Ni/SiO
4 19.33 77.8
2 19.02 78.1

(20/4.5/S) Ni/SiO,
4 18.96 78.2
2 18.72 78.5

(50/4.5/S) Ni/SiO,
4 19.16 78.0
2 18.47 78.8

(40/4.5/A) Ni/SiO,
4 17.08 80.4
e 2 19.42 777

(40/4.5/S) Ni/SiO,; C-R
4 18.4 78.9
e 2 16.72 80.8
(40/4.5/S) Ni/SiO,; C-R-O-R

4 8.13 90.7

25

20

lodine value

(40/4.5/S)Ni/SiO,;C-R (40/4.5/S)Ni/Si0O,;C-R-O-R
Catalyst code
Figure 2. Efficiency of Ni-supported catalysts towards hydrogenation

of castor oil as measured by iodine value on stream in.

60

Propylene conversion (%)

80 100 120 140 160 180 200 220 240
Temperature (°C)

Figure 3. Hydrogenation of propylene on pretreated and reduced
(40/4.5/S) Ni/SiO, catalysts as a function of temperature.

hydrogenation. A lower iodine value means a higher degree of
hydrogenation. Catalytic activity does not have any special transition
following as catalysts preparation methods. However, it was to be fit
with castor oil hydrogenation after oxidation-reduction treatment. Table
4 shows hydrogenation activity as a function of oxidation-reduction cy-
cles in the catalyst pre-treatment phase. There are a few differences in

100

CO conversion (%)

0 50 100 150 200 250 300 350 400
Temperature (°C)

Figure 4. Conversion of carbon monoxide on pretreated Ni catalyst
(40/4.5/S)Ni/SiO, as a function of temperature.

the activity between the two methods.

3.1.2. Hydrogenation of propylene

Figure 3 shows the catalytic performance of (40/4.5/S)Ni/SiO, and
the pretreated catalyst for the hydrogenation of propylene at 100~220
C. In our catalytic reaction, propane was mainly produced. It can be
seen from Figure 3 that the maximum conversion of propylene oc-
curred at 180 ‘C. However, hydrogenation activity with the pretreated
catalyst was consistently higher than the reduced catalyst. Therefore,
the catalyst was used for propylene hydrogenation after oxidation-re-
duction treatment.

3.1.3. Oxidation of carbon monoxide

Differences in activity were observed depending on the type of pre-
treatment applied to the catalyst. Figure 4 shows that pretreatment low-
ers the temperature of the CO oxidation reaction. The catalyst and re-
duced catalyst attained complete oxidation of CO at 350 C and 260
C, respectively, whereas the pretreated catalyst oxidized CO com-
pletely at 230 C. The catalyst was more suitable after reduc-

tion-oxidation-reduction treatment.

Appl. Chem. Eng., Vol. 28, No. 3, 2017
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Figure 5. X-ray diffraction pattem of various prepared Ni catalysts :

(40/4.5/S) Ni/SiO; (1), (40/5.5/S) Ni/SiO; (2), (20/4.5/S) Ni/SiO; (3),

(50/4.5/S) Ni/SiO; (4) and (40/4.5/A) Ni/SiO; (5).
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Figure 6. X-ray diffraction patterns of (40/4.5/S)Ni/SiO, Ni catalysts
with different pretreatments.

80

3.2. Characterization

The XRD patterns of the prepared catalysts are shown in Figure 5.
Since the crystalline peaks appear in the 2 6 range of 40-80°, only this
section of the diffractogram is shown. This indicates the presence of
segregated large and small Ni particles on the catalyst surface.

Table 3 shows that the surface area tends to decrease with increasing
pH, while the specific surface area does not show a difference depend-
ing on Ni content and precipitant. This shows that pH affects the spe-
cific surface area.

Figure 6 shows the XRD pattern of pretreated Ni/SiO, catalysts. Ni
oxide peaks were present before reduction of the catalyst. The re-
flections of nickel oxide disappeared after reduction, and the typical
X-ray pattern of metallic Ni was detected. After oxidation-reduction
treatment, Ni particles were evenly dispersed which could explain the
results. Metal particle was enlarged after one treatment. This means
just one treatment improves the catalytic activity.

Figure 7 shows TEM image of (40/4.5/S) Ni/SiO, catalysts follow-
ing different pretreatment.

According to the pretreatment, Ni particles size of (40/4.5/S) Ni/SiO,

C-R-O-R catalysts were decreased than (40/4.5/S) Ni/SiO;; C
catalysts. Through the ROR (Reduction/Oxidation/Reduction), it can be
confirmed that the dispersion of Ni is increased and thus the hydro-

23t M 28 & M 3 F, 2017

(b)

Figure 7. TEM images of (40/4.5/S) Ni/SiO, following different
pretreatment protocols : (a) C (b) C-R (¢) C-R-O-R.

genation and the oxidation reaction are more effective.

4. Conclusions

The hydrogenation and oxidation experiments were crucial for study-
ing the activity of the Ni catalysts. Based on our experiments, the main
findings of this study can be summarized as below :

Differences in the material characterization of the catalyst are influ-
enced by the solution pH, Ni content, and choice of precipitant during
the process of manufacture. Particle size and dispersion are not corre-
lated with pH, but surface area is influenced. As Ni content is varied,
particle size and size dispersion can be strongly affected by the
precipitant.

Oxidation-reduction (OR) treatment was performed to study the ef-
fect of surface modification of the catalysts for Hydrogenation of cas-
tor oil. OR treated catalysts were determined suitable for castor oil
hydrogenation. Characterization was performed by BET, XRD and
TEM; The dispersion is increased after OR treatment, so that hydro-
genation activity of castor oil is better than before. It means increase
of dispersion and catalyst surface was made more favorable for cata-
lyzing the hydrogenation of castor oil.

Propylene hydrogenation was performed to confirm the activity im-
provement of the pretreatment protocols on the catalyst surface, as a
possible template for catalyzing hydrogenation reactions in general.
Both the pretreated and untreated catalyst exhibited maximum catalytic
activity at about 180 “C. The hydrogenation activity of the pretreated
catalyst was higher than others at several temperatures. Thus, this cata-
lyst is expected to be useful for hydrogenation in addition to castor oil
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hydrogenation.

OR-treated Ni catalyst was tested for catalyzing the oxidation of CO.
The pretreated catalyst approaches 100% conversion of carbon mon-
oxide at a lower temperature than the untreated catalyst. This suggests
that the catalyst may be activated at a lower temperature than pre-
viously expected. Furthermore, this shows that Ni/SiO, can be suitable
as a catalyst for many kinds of industrial processes.
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