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Characterization and Catalytic Activity of Ni, Mo
and Ni-Mo Supported on Al,O3 Systems
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SERIES of Ni, Mo and Ni-Mo supported alumina catalysts were

prepared for investigating the interaction between Ni and Mo in
terms of their structural properties and catalytic activities.The samples
were prepared by wet impregnation with 20 wt% total loading
(NiO+MoO) in different molar ratios. The investigated samples were
characterized by DSC, TGA, XRD and BET. The catalytic activity
and selectivity were studied using isopropanol conversion in flow
system under normal pressure at temperature range300-360°C and
space velocity 11.60-18.40 ml.min™. The reaction products were
analyzed using gas liquid chromatography. The main product is
acetone and the activation energy is calculated over the investigated
catalysts. The results demonstrate that Mo loading enhances formation
of NiAl,O,4 phase.

Keywords: Isopropanol, Dehydration, NiAl,O, Bimetal oxide and
BET.

In the last decade, a great interest has been observed in the development of
highly selective catalysts for the transformation of light alkanes into more
valuable organic compounds®. One of the most important options for enhancing
the activity and/or products selectivity for isopropanol conversion is the use of
bimetallic systems including bimetals or bimetal oxides®®. Literatures have
dealt with the composition change of catalysts consisting of alumina supported
nickel”®. They observed that, nickel oxide present on the catalyst surface reacts
with the support to create the NiAl,O,4 spinel which contributes to increase the
catalyst mechanical resistance and the catalyst activity at higher temperature.
Extensive literatures were describing the Ni-Mo/Al,O; systems in steam
reforming of hydrocarbons and hydrodesulphurization®®*?. It was found that
there is a synergetic interaction between active Ni-sites and MoOy species
leading to change in metal surface area and activities compared to monometallic
Ni/Al,O3. At other extreme, at higher total metal loadings and low Ni:Mo ratios,
partial coverage of Ni sites by MoOy species occurs resulting in loss of total
activity. At intermediate metal loadings and Ni:Mo ratios, electron transfer from
MoO, species active Ni sites dominates leading to increases in specific activity
with increasing Mo content.

Isopropanol decomposition has long been considered as chemical prop
reaction for catalytic activity. It has been reported that IPA undergoes
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dehydrogenation to acetone over basic sites or dehydration to propylene over
acidic sites %2, Moreover availability of surface redox sites (M™/M ™1 *) can
also enhance IPA dehydrogenation®™. Thus, the dehydrogenation of IPA is not
solely dependent on the availability of surface basic sites. Similar to methanol
and ethanol, isopropanol undergoes also bimolecular reaction caused by the
coupling of two surface isopropoxide species to give isopropyl ether on acidic
surface sites®, or bimolecular dehydrogenation on basic sites to give diethyl

ether®29,

The objective of this paper is to characterize the structures and textural
characteristics of Ni/Al,O; Mo/Al,O; and co-impregnated Mo-Ni/Al,O3 oxide
catalysts to investigate the metal support and metal-metal support interaction by
measuring surface properties, DSC, XRD and BET. The activity and selectivity
were studied using isopropanol conversion (IPA) as model reaction in flow
system under normal pressure. The Kkinetic parameters were calculated.

Experimental

Catalyst preparation

Aluminum nitrate solution was used to prepare alumina gel which dried at
120°C and calcined for 4hr at 500°C “®%). Known weight of alumina was
impregnated by definite amount nickel nitrate and ammonium heptamolybedate
solution with the constant total loading 20%, to produce Ni/AlO I, Ni-Mo/AlO
(11-V) and Mo/AIO VI.The solids were crushed and calcined at 500, 600
and700°C . The designation of the prepared solids and their thermal products
were described in Table 1.

TABLE 1. Catalysts composition and textural properties .

Catal. compoition| Calcin. | Surface Pore |Mean porel Cger, | Cryst. Size L

Catalysts (Wt. %) temp.,°C jarea (m’g™)| volume |radius(A°)| const. (nm)

NiO Mo Al,0; (cm®.g™ NiAlL,O;| NiO | MoO;
Ni/AIOI 1 20| — | 80 500 89.54 0.15 14.10 |188.30| 349 | 294 | ----
Ni/AIOI 2 600 120.65 0.18 31.68 | 31.00 | 50.5
Ni/AIOI 3 700 73.53 0.12 14.10 [188.40
Ni-Mo/Alon1 | 18 | 2 | 80 500 121.73 0.21 62.24 |141.40| 18 24.9
Ni-Mo/AlOI1 2 600 117.94 0.19 49.68 | 31.90 | 12.2
Ni-Mo/AlOII 3 700 88.02 0.16 71.24 |125.00| 23.7
Ni-Mo/Aloni1| 14| 6 | 80 500 131.07 0.20 71.24 |191.00| 29.9 | 29.8
Ni-Mo/AlOI11 2 600 138.89 0.18 | 140.98 |500.30| 47.7
Ni-Mo/AlOI11 3 700 96.22 0.18 71.24 |238.80
Ni-Mo/Alovi | 8 | 12 | 80 500 85.49 0.11 14.10 |591.80| 45.5 | 55.8
Ni-Mo/AIOIN 2 600 157.28 0.21 31.68 | 22.60 | 20.7
Ni-Mo/AlOIV 3 700 72.98 0.12 71.24 [299.60| 22.3
Ni-Mo/Alovi| 4 | 16 | 80 500 118.23 0.17 14.10 |180.40| ---- 119 | -
Ni-Mo/AIOV 2 600 226.57 0.29 36.26 | 12.20 24.0
Ni-Mo/AlOV 3 700 82.76 0.13 14.10 |340.20 24.0
Mo/AlovI 1 | ~ 20 | 80 500 104.15 0.13 14.10 [148.70| ---- 45
Mo/AIOVI 2 600 227.66 0.31 36.26 | 16.00 26.5
Mo/AIOVI 3 700 85.83 0.14 14.10 |294.80 204
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Characterization

Thermogravimetic analysis TGA and differential scanning calorimetry (DSC)
were measured for fresh portions of all solid samples in the temperature range 0
up to 1000°C using thermo balance. The data were obtained using SETARAM
Labsys™ TG-DSC 16.The rate of heating of the samples 5°C / min and flow rate
of argon was 30 ml/min.

The surface properties, for all samples calcined at 500, 600 and 700°C were
estimated by using Quanta chrome Nova 1000, Win 2 by adsorption of nitrogen
at -196°C on the investigated samples previously degassed at 250°Cunder high
vacuum atmosphere for 2 hr.

X-ray diffraction patterns for the calcined samples were recorded at room
temperature by BRUKER D8 diffractometer, with CuKa radiation of a wave
length of 1.5405 A°® at 40 kV, 40 mA. 26 from 4 to 70° and scan rate of 2°/min.

Catalytic conversion of isopropanol

The catalytic activity was carried out over the samples calcined at 500°C,
using isopropanol conversion as a prop reaction at temperature range 280 -360°C
in flow system®29 under normal condition. The reactant (pure isopropanol) was
introduced using a microdose pump (Unipan 335A) with space velocity 11.60-
18.7x102 ml/ min. Catalyst sample (1ml) was introduced into a quartz reactor
between two silica wool beds and activated in situ by calcination at 500°C for
4 hr in a current of dry air free from CO,, then cooled down to the experimental
temperature. The gaseous and liquid products of the catalytic reaction were
analyzed using programmed gas- liquid chromatography (Perkin Elmer 8600),
double flame ionization detector on a column 5% CW1540 on CSORB (Gaw-
DMCs) which was applied for alcohols using pure nitrogen as a carrier gas.

Results and Discussion

Thermal behavior

The TGA curves (not illustrated) for all investigated samples show two main
steps corresponding to removal of water of hydration of nickel nitrate
hexahydrate, ammonium heptamolybedate tetrahydrate and volatilization of
ammonia. The second step represents the complete decomposition of nickel
nitrate into nickel oxide and ammonium heptamolybedate to MoOs. For the
sample Ni-Mo/AIO V an additional peak was observed at 405 °C which may be
attributed to the presence of another form of molybdenum oxide (1V).

The DSC curves of parent samples are given in Fig. 1. Two sets of
endothermic peaks were observed for all investigated catalysts located at 97-131
and 374-435°C. The two peaks are sharp and strong. The first set corresponds to
desorption of the physisorbed water and water of crystallization of different
precursors. The second strong endothermic peak indicates a complete thermal
decomposition of nickel nitrate and ammonium heptamolybedate into NiO and
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MoQs, respectively, with simultaneous liberation of nitrogen oxides and
ammonia and then remains constant up to 1000°C®®. Moreover, sample Ni-
Mo/AIOV exhibits an additional peak at 442°C, this peak is sharp and strong and
might be attributed to the presence of MoO, as new phase. The endothermic peak
relative to thermal decomposition of ammonium heptamolybedate was shifted
from 435 to 390°C for bimetallic samples. These results showed that nickel
nitrate enhanced the thermal decomposition of ammonium heptamolybedate into
MoO;. These findings will be confirmed later by XRD.

Ni-Mo/AIO Ni7Alol

Ni-Mo/AlOlII
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Fig.1. DSC curves of Ni/AIOI, Ni-Mo/AlO(11-V) and Mo/AIOVI catalysts.

Surface characteristics

The specific surface area (Sger), total pore volume and mean pore radius of
Ni-Mo/AIO (I-VI) catalysts calcined at 500, 600 and 700°C were determined
from nitrogen adsorption isotherms carried out at -196°C. The adsorption-
desorption isotherms for nitrogen on various solids are illustrated in Fig. 2. All
isotherms belong to type II of Brunauer’s classification®*% The specific surface
area Sger Was obtained by applying the BET equation. The calculated values
determined from linear BET — plots and the mean pore radius are shown in Table 1,
which indicates that (i) The Sger of the samples at 500°C was found to increase
by Mo loading until reaching to its maximum value for Ni-Mo/AIOIII then
decrease for Ni-Mo/AIOIV1. (ii) The increase in calcination temperature of
solids from 500 to 600°C resulted in a significant increase in their specific
surface areas reaching to its maximum value for Ni-Mo/AIOVI2. The observed
increase in the specific surface area of catalysts at 600°C may be attributed to the
creation of new pores resulting from complete formation of NiO, MoO, and
MoO;™. (iii) The decrease in the Sger Values of solids at 700°C could be
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attributed to the sintering process. The sintering process might take place
according to the collapse of the pore structure and / or grain growth process
together with possible phase transformation®%. (iv)The upward deviation of V-
t plot indicates the existing of wide pores (mesopores)®** confirmed by the
shape of isotherms.
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Fig. 2. Adsorption-desorption isotherms of Ni-Mo/AIO systemes .

XRD analysis

XRD patterns of the investigated samples are shown in Fig. 3. They revealed
that: (i) Sample Ni/AlOI1 calcined at 500°C consists of y-Al,0;, NiO and
(NiOOA194A|0.805) (A|1.194Ni00.806) 04 recorded at 20 = 6230, 42.92 and 36.97
(100% intensity), respectively. Further increases of temperature to 600 and 700°C
produce the same patterns. (ii) Catalysts Ni-Mo/AIO (11-1V) 1, show signals
recorded at 20 corresponding to y-Al,O3, NiO and NiAl,O, spinel. The formation
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of NiAl,O, spinel may be referred to the increase in Mo loading which acts as
catalyst for formation of NiAl,O, spinel confirming solid - solid interaction®**®.
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Fig.3.X-ray diffractograms of pure and supported Ni/AlOl, Ni-Mo/AlO(11-V) and
Mo/AIOVI solids calcined at 500, 600 and 700 °C.
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By increasing calcination temperature, the intensity of NiAl,O, decreased and
no different behaviors were observed for Ni-Mo/AIO (I, 111) 2, 3. (iii) Samples
Ni-Mo/AlO IV 2, 3 show the appearance of a new diffraction line at 26 = 26.33
and 23.19 which corresponds to MoO, tetragonal lattice structure and MoO;
monoclinic lattice structure, respectively. (iv) Ni-Mo/AlIO V 1, 2 samples
calcinated at 500 and 600°C show only signal of NiO. The absence of any
diffraction line of Mo indicates that MoOs is actually dispersed as an amorphous
phase on the support surface or on the surface of NiO crystallites"®. Further
increase in calcinations temperature of Ni-Mo/AlO V 3 to 700°C stimulated an
interaction between Ni and Al,Os yielding NiAl,O,. So, a portion of Mo added to
the investigated system dissolved in the matrices of reacting NiO and Al,O3
producing NiAl,0,%® and the other portion produced MoO, and MoOs at 26
=26.4 and 23.17, respectively. (v) For Mo/AlO VI 1, 2 calcined at 500 and
600°C, show peaks for yAl,Oz at 20 = 62.02 and 62.17, respectively. Further
increasing in calcinations temperature, a new peak appears at 20 = 24.19 which
indicates the formation of Al, (M0Q,); spinel as a result of solid-solid interaction ®)

Table 1 illustrates the increase of crystal size (d) of NiAl,O, phase by
increasing the Mo loading at 500°C while the surface area for Ni-Mo/AIO 1V
catalyst decrease by 30 % than the Ni-Mo/AIO Il catalyst. NiAl,O, phase formed
did not modify its surface characteristics but may result in an increase in the
degree of dispersion of MoOj; crystallites via decreasing their particle size.

Catalytic activity measurements

The catalytic conversion of IPA was carried out over the calcined catalysts at
500°C. The experimental temperatures were chosen to be in the range 280 -
360°C wusing a flow system under normal pressure. The rate of IPA
decomposition at each experimental temperature was studied at space velocity
11.60-18.40 x102  ml/min, the obtained results indicated that the rate of
conversion is independent of the time of contact (t, min) at all selected
temperatures (the figure not illustrated). The analysis of reaction products
emphasized the presence of acetone, propene, acetaldehyde, diethyl ether and
diisopropylether; the latter produced only at high temperature. But acetone is the
main product over all samples®. These indicate that IPA conversion proceeds
through two main routes; i) mainly dehydrogenation to produce acetone,
acetaldehyde and diethyl ether and/or ii) dehydration to produce propene or
diisopropyl ether.

The apparent activation energy was calculated according to Arrhenius
equation for each catalyst at constant space velocity of IPA. Apparent activation
energy for IPA dehydration and dehydrogenation is 80 +4 kJ.

Figure 4 reveals the selectivity % for acetone and propene formation over the
investigated catalysts at the selected temperatures. It is observed that; (i) Acetone
is the selective product over all investigated samples. (ii) Ni-Mo/AlO Il and
Ni/AIO | catalysts are the most selective catalysts for acetone formation where
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the selectivity % of Ni-Mo/AIO Il not greatly affected by temperature may be
due to the presence of NiO species. (iii) Ni-Mo/AlO V catalyst is the most
selective one for propene at 280, 340°C where Mo/AlO VI catalyst is the most
selective at 300, 340 and 360 °C due to the presence of MoO; species which has
acidic character. (v) For bimetallic catalysts Ni-Mo/AIO (11-V), increasing of Mo
loading resulted in a progressive increase in propene selectivity % reaching to its
maximum value for Ni-Mo/AlO V catalyst which may be attributed to the
formation of NiAl,O, phase®"*®. So, the observed increase in the dehydration %
may be attributed to the increase in the degree of dispersion of MoO; phase®.
However, as indicated from XRD measurements that the Ni-Mo/AlO V catalyst
calcined at 500°C contains NiO. So, the observed decrease in dehydration % for
Ni-Mo/AlO V catalyst may be attributed to absence of NiAl,O, phase. It can be
concluded that the conversion of IPA over the investigated systems Ni-Mo/AIO
(I1-1V) catalysts is mainly dependent on the formation of NiAl,O, phase, MoO,
and MoO; rather than the surface characteristics of the system investigated.
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Fig. 4. Variation of selectivity % of acetone (a) and propene (b) with experimental
temperature over Ni/AlIOI, Ni-Mo/AIO (11-V) and Mo/AIOVI catalysts
calcined at 500°C.
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Figure 5. shows the variation of specific activity of isopropanol conversion
over used catalysts with temperatures, it is obvious that the specific activity
increased by temperature and Ni-Mo/AlO 1V, Ni/AlO | catalysts show the highest
specific activity at all experimental temperatures.
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Fig. 5. Effect of temperatures on the specific activity of isopropanol conversion over
Ni/AlOI, Ni-Mo/AlO (11-V) and Mo/AIOVI catalysts calcined at 500°C.

Conclusions

1.Solid interaction occurred between NiO and y-Al,O5 at 500 °C to form NiAl,O,
which increased by Mo loading.The surface area the pore size of the
investigated samples give higher values at 600 °C and the pores have
mesopores in nature. The different loading ratio of Ni: Mo affected the
intensities of mesopores peaks.

2.XRD for mono-oxide systems Ni/AlO I indicate the formation of y-Al,O3, NiO
and NiAl,O, and for MoO /AIO VI, MoOs;, MoO, and MoAl,O, (at700 °C).
Characterization for bimetal oxide Ni-Mo/Al,O; (11-V) emphasized the
formation of y-Al,O3 NiO and NiAl,O, while MoOsor MoAl,O, were not
detected at lower concentration of Mo. As Mo loading increases MoO; can be
detected. Moreover, new phase of MoO, appears for catalyst Ni-Mo/Al,O;V
which can be attributed to the existence of Ni species.

3.BET data emphasized that the surface area and pore size distribution were
affected by Ni:Mo wt ratios % and calcinations temperature. The enhancement
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of surface area by Mo loading can be explained by textural promotion of Ni
particle distribution by MoO, species which act as diluents of the catalyst
matrix.

4. Ni/AlIOI, Ni-Mo/AIOIV catalysts are the most active and exhibit the highest
selectivity for acetone formation which may be attributed to presence of NiO
species while Mo/AIOVI catalyst was most active for dehydration reaction
which may be attributed to the presence of MoO; species. The changes of
selectivity of Ni-Mo catalysts are of significant importance where the addition
of Mo resulted in a progressive increase of selectivity to dehydration and
formation of NiAl,O4. The specific activity and selectivity of the investigated
catalyst depends on nature of the catalyst, its composition, experimental
temperature and textural properties
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