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Abstract

The steam reforming of methane over NiO/ZnO mixed oxides with different nickel contents was
studied. Solids to x% Ni/ZnO (x = 4 and 10%) were deposited on ZnO by impregnation from nickel
nitrate solution; after vaporization the solid is calcined at 500°C for 6 h. The catalysts were char-
acterized by X-ray diffraction (XRD) and BET method, scanning electron microscopy (SEM) and
temperature programmed reduction (TPR). The XRD patterns revealed the NiO phase for all cal-
cined catalysts. The chemical analysis confirmed the theoretical values of nickel. The catalysts
were pre-treated under hydrogen at 500°C in situ, overnight before testing for the steam reform-
ing of methane reaction (CHs/H,0/Ar = 10/10/80) in the temperature range (475°C - 650°C) under
atmospheric pressure. The activities of both catalysts were investigated in a fixed-bed reactor for
the Methane Steam Reforming (MSR) reaction. Globally, it was shown that the catalyst 10% nickel
content has an important effect on the catalytic performances of solids i.e. the better results of hy-
drogen production were obtained with 10% wt. Ni/ZnO (28 x 10-3 mol/g catalyst).
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1. Introduction

For many years, the methane steam reforming (MSR) has been a leading technology for the generation of hy-
drogen in the refining and petrochemical complexes. MSR reaction is currently the dominant way used to obtain
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syngas (H, + CO). The natural gas is the cleanest of all fossil fuels and MSR is a well-established process for the
production of syngas and hydrogen [1]. In this respect, numerous supported catalysts have been tested, espe-
cially nickel and noble metal based catalysts, which have been found to exhibit promising catalytic performance
[2]. Studies were carried out on the methane conversion, which focus on mainly two processes: direct and indi-
rect conversion of methane. Furthermore, methane reforming at high temperatures results in the formation of
carbon deposition via the decomposition of products with consequently a decrease of the energy efficiency [3]
[4]. Hydrogen will have an important role in the future world economy scenario as a clean, renewable, and effi-
cient fuel. It has been widely used in the petro-chemical processes like hydro-desulfurization, hydro-cracking,
hydro-refining and so on. Nowadays, hydrogen becomes more and more involved as the feedstock in the synthe-
sis of methanol/dimethyl ether (DME), and particularly, in the Fischer-Tropsch reaction to make liquid fuels
from coal or natural gas. Besides, hydrogen is ideal for fuel cells, e.g., for proton exchange membrane (PEM)
fuel cell [5] [6]. Therefore, it is not only an important chemical feedstock, but also a clean energy carrier. Ac-
cordingly, the demand for low-cost hydrogen would be always predominant either for the mass production or for
distributed applications. However, hydrogen is known as an energy carrier, which must be produced from other
primary energy sources. Its production from hydrocarbons, especially methane, i.e., the principal constituent of
natural gas, can be performed by mainly three ways: steam reforming, partial oxidation and auto thermal re-
forming [7]. It is acknowledged that the MSR is the most economical method for hydrogen production among
the current commercial processes.

Supported nickel catalysts as heterogeneous catalysts have attracted a great attention because of their potential
applications in the petrochemical industry such as hydrogenation, deoxygenation, methanation, reforming and
hydrocracking. Besides good nickel particle dispersion in the catalyst support, the pore size is a crucial variable
affecting the catalyst performance since the activity usually relies on the presence of accessible active centres
located in the internal pore of the catalysts [8] [9]. Larger-pore sizes of the catalyst provide a better diffusion of
reactants and products during the course of reaction [10]. Therefore, high dispersion of small particles of nickel
and the large porosity of the catalyst are desirable. The catalyst support may play a more active role by increas-
ing the dispersion and stability of metal particles.

During the reaction between methane and NiO-based oxides, the syngas yield depends on the oxidation de-
gree of the oxygen carriers: highly oxidized oxide particles resulted in the formation of CO, and H,O, while re-
duced particles favour the production of CO and H, [10]. The MSR reaction takes place through the dissociation
of methane adsorbed onto the metallic Ni-sites and the dissociation of water adsorbed at the metal—support in-
terface to produce CO and H, [11] [12].

A major challenge is that Ni catalysts possess a great thermodynamic potential for coke formation during re-
forming reactions, and several methods are discussed to synthesize coke resistant Ni catalysts [10] [13].

In this work we have studied the reactivity of catalysts NiO/ZnO at two Ni percentages x% Ni/ZnO (x =4 and
10%) in the reaction (CH4 + H,0). The catalysts were characterized in the calcined state by atomic absorption
BET method, X-ray diffraction (XRD), scanning electron microscopy (SEM) and temperature programmed re-
duction (TPR).

2. Experimental

2.1. Sample Preparation

The solids NiO/ZnO (ZnO (Kadox) were prepared by impregnation of ZnO support with x% Ni(NO3),, 6H,0 (1
M) (Merck) (x = 4 and 10%) [14]. The solution was stirred during 2 h, and evaporated at 80°C under agitation.
The solid was dried overnight, calcined at 300°C (2 h) and 500°C (6 h) at a heating rate of 4°C/mn in air flow
(1.2 L-h™"). The catalysts were sieved to have a particle diameter less than 0.16 mm.

2.2. Catalysts Characterization

The solids were analyzed by atomic absorption with a Perkin-Elmer 1100 B spectrometer. The specific surface
areas were determined by the BET method using an analyzer of surface type (Coultronics 2100E). The crystal-
line structures were identified by X-ray diffraction (XRD) using a diffractometer (626 CGF) provided with a
proportional detector and using Ka molybdenum anticathode (4 = 0.70930 A). The patterns were obtained for 26
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values ranging from 20° to 70° with a step size of 0.02°. The average crystallite size of the particles was calcu-
lated from the formula (L = 0.9 4/fcosf), where £ is the width of the full width at half-height. The morphology
of composite particles was observed By SEM (JEOL JSM-118 6360-LV). TPR was conducted on a U-shaped
quartz tube embedded in a programmable furnace. 100 mg of the catalyst was pre-treated under pure He flow at
500°C for 1 h. The reducibility of the catalyst 4% Ni/ZnO at (TPR) was realized under hydrogen diluted in ar-
gon (5%) with a heating rate of 5°C/min in the range (25°C - 600°C), the TPR patterns were obtained by using a
recorder connected to a GC equipped with TCD, the H, consumption is recorded during the test and quantified
after calibration. and then reduced under a gas mixture flow (5% H,, 95% Ar, 50 mL/min)

2.3. Catalytic Reaction Test

The catalyst was introduced in a fixed-bed quartz reactor placed within a tubular furnace, equipped with a pro-
grammed controller under atmospheric pressure. The bed temperature was monitored by a chromel-alumel
thermocouple. 100 mg of catalyst were activated in situ under H, atmosphere at 500°C/12h and tested between
450°C and 600°C. The reactant gas mixture (H,O/CH, = 3.3) was achieved by flowing CH,4 (10%)/Ar through a
water saturator working at 65°C and then introduced in the reactor at a flow rate of 1.2 L/h. Before each run, the
effluent passed through a water-trap at 0°C to remove water. The gas composition was analyzed by TCD chro-
matograph (Hewlett-Packard 5730) containing two 2 m carbosieve B columns (1/8 inch, 100 - 200 mesh). The
conversion rates and the selectivity of CO, and CO were calculated from the following formulas:
Total rate of transformation:

Ny, (transformé)

TTG (%)= %100
(%) Ny, (total)
Rate of transformation in compound “i”:
TTi(%) = ——x100
Ay,
Selectivity in compound “i”:
S, (%) =—— " _x100=—1 x100
ey, (transforme) TG

with:
i: CO, CO,.

[73¢1)
1.

n;: number of moles of compound
Ney, : number of moles of methane.

3. Results and Discussion
3.1. Catalytic Systems Characterization

The studied catalytic systems are summarized in Table 1 whereas the XRD patterns after calcination are illus-
trated in Figure 1.

The results show that the nominal composition of the metal is very close to the theoretical one for the catalyst
4%. On the contrary, the nickel percentage remains weak compared to the nominal values (7% instead 10%).

Before reaction, the presence of NiO and the support are observed for all the catalysts. The results of XRD
(Table 1 and Figure 1), before reaction, show ZnO zincite in all catalysts as well as NiO. This result means that
for the three catalysts, NiO is dispersed uniformly on the surface.

Even though the processes are related to extrinsic factors, a detailed understanding of the physical properties
is needed for a high-quality catalyst. As expected, the XRD patterns of the preparation is mixed phase (Figure
1), the powder exhibits a good crystallinity with strong peaks corresponding to cubic NiO (JCPDS card N* 47 -
1049) and hexagonal Wurtzite ZnO (JCPDS card N° 36 - 1451) structures. NiO crystallizes in the rocksalt
structure and the crystallite size of NiO, estimated from the full width at half maximum, average 30 nm. Nanop-
lates with smooth surface and high crystallinity can be observed from Figure 2.
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Table 1. Characterization of the various nickel-based catalysts (before and after reaction) of 4% Ni/ZnO and 10% Ni/ZnO.

Ni BET arca XRD results
Samples (% Real weight) 2 d* (nm)
o%Ni (m7/g) d* (nm) NiO NF before reaction after reaction
ZnO - 5 - - ZnO zincite ZnO zincite
4% Ni/ZnO 4 2 30.4 20.5 NiO Ni

ZnO zincite

10% Ni/ZnO 7 11 213 20.9

ZnO zincite

NiO

ZnO zincite

Ni°
ZnO zincite

“: Evaluated from the relation (L = 0.9 A/fcos6) of the most intense XRD peak.

®
® ZnO zincite
® ® ®
® ®
(OJO)
ZnO
®

4%Ni/ZnO }

@ ©

®
10%Ni/Zn0 0 @ *Py o 2
T I T I T I T I
10 20 30 40
2THETA

Figure 1. The patterns of support ZnO and catalysts, 4(%) Ni/OZnO and 10(%) NiO/ZnO. ®: ZnO zincite, *: NiO.

Figure 2. SEM micrograph of (a) 4% NiO/ZnO and (b) 10% NiO/ZnO elabored by impregnation after calcinations at 500°C.
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Figure 2 shows the NiO/ZnO hetero-system prepared by impregnation method; one observes that NiO nano-
particles are well-mixed with ZnO distributed uniformly.

The TPR profiles of the bulk nickel and NiO/ZnO (Figure 3) are totally different. The reduction of NiO starts
below 300°C and is completed rapidly while temperature above 460°C is required to reduce NiO/ZnO. The he-
tero-system presents one reduction peak at high temperature (460°C), probably due to the reduction of NiO with
more or less strong interaction with the support ZnO. The reduction of NiO interacts weakly with the support
occurs at 450°C [14] [15] and the calculated reduction rate reach 99.7%. Ni/ZnO is well dispersed onto the sup-
port ZnO with no chemical bond. In addition, NiO exists with small crystallites uniformly spread onto the ZnO
surface, thus leading to their facile reduction under Hy/Ar flow.

The TPR profiles for the catalyst Ni/ZnO, exhibit one narrow peak with strong intensity at 460°C (Figure 3),
in agreement with the literature. According to Jasik et al. [16], the narrow peak indicates that that the solid has a
better dispersion with a good homogeneity of the active phase NiO over the ZnO support. However, the high
reduction temperature implies a difficult reducibility. The temperature peak in the range (300°C - 500°C) has
been assigned to NiO reduction [17]; the NiO reduction peak around 350°C agrees with the literature [18].

3.2. Catalytic Activity

3.2.1. Variation of the Catalytic Activity over the Reaction Time

The methane conversion shows that a stationary regime is reached after ~3 h, whatever the employed catalyst
and Figure 4 illustrates this phenomenon for 4%Ni/ZnO. The setting in mode is accompanied by the CO, for-
mation which strongly decreases as the stationary regime settles with the profit of the CO formation. This indi-
cates an incomplete reduction of catalysts during the pre-treatment under H, atmosphere (500°C) and conse-
quently the reaction mixture produces reduced species on the surface [19]. The carbon balance (%) at the output
of the reactor, established in the temperature range (475°C - 650°C) for the MSR reaction is gathered in Table 2.
We noticed that the catalyst containing zinc gave less coke.

1,4x10°
1,2x107° = NiZnO

1,0x10°

8,0x10°

-6

H2 10 ‘moles

6,0x10° -

4,0x10°

2,0x10°

|
.

0,0

T T T T T T T T
100 200 300 400 500
Temperature °C

Figure 3. TPR profile of finely dispersed 4% NiO/ZnO powder
elabored by impregnation after calcinations at 500°C.
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3.2.2. Effect of Nickel Percentage
Figure 5 shows the evolution of the methane conversion as a function of the reaction temperature; the results
clearly indicate that the conversion increases with raising temperature. It appears that the best conversions are
those obtained with the catalyst 4% Ni while the higher percentage of hydrogen is obtained on the catalyst cata-
lyst 10% Ni (Figure 6). These results, which vary from one catalyst to another, appear to depend not only on the
interaction between nickel and support, but also on the state of dispersion of the nickel on the area of different
catalysts.

It is clear from Table 2, that the CO conversion is comparable for the two catalysts. The solid which produces
less coke is the one that gives the best production of hydrogen (10% NiO/ZnO) [20].

Table 2. Catalytic performance of the NiO based catalysts at 650°C.

Selectivity CO Selectivity CO, o H, 107

Catalyst %) %) % C ool
4% Ni/ZnO 62 23.0 154 8.50
10% Ni/ZnO 60 40.0 0 25.00

20
s oA 550°C
2 454 4 A—A—p 4, A —A—a 4, , , 4
£
@
1S ° 500°C
k] T
c - 06— 0—9 09 0 09 o °
2 104 A — 88, g, N g g N _§ §
o 475°C
>
c
o)
(&]

54

T T T T T T v T T T T T T T T
0 60 120 180 240 300 360 420 480

Temps (mn)

Figure 4. Methane conversion vs. reaction time for 4% Ni/ZnO catalyst at different
temperatures; m = 0.1 g, T,.q = 500°C, d = 1.2 L/h, H,O/CH, = 3.3.

40 =
& —=— 4% NiO/ZnO

L 304 —e— 10% NiO/ZnO
I
O
5
c
3 20 °
2 °
S - / ¢
O /

10 —° d

. T T T T T
450 500 550 600 650 700
Temperature (°C)

Figure 5. Methane conversion versus temperature for nickel-based catalysts 4% and
10% NiO/ZnO, m = 0.1 g, T;,q = 500°C, d = 1.2 L/h, H,O/CH, = 3.3.
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Figure 6. Production of hydrogen as a function of temperature on the nickel-based
catalysts, m = 0.1 g, T,.q = 500°C, D = 1.2 L/h, H,O/CH, = 3.3.

The Ni,/ZnO catalytic system showed, during the MSR reaction, that the H, evolution was directly related to
the activity, the latter decreases with decreasing the particle size and decreasing also with time on stream.

4. Conclusion

The tests of the steam reforming of methane were performed at 650°C under atmospheric pressure. The results
have shown that the catalytic activity in the steam methane reforming is strongly dependent on the percentage of
nickel. These results appear to depend not only on the interaction between the nickel and the support, but also on
the state of dispersion of nickel on the surface. Good production of hydrogen is observed over the catalyst at
10% NiO/ZnO.
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