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THE INFLUENCE OF NICKEL LOADING ON REDUCIBILITY OF NiO/Al,O; CATALYSTS
SYNTHESIZED BY SOL-GEL METHOD
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Abstract: The sol-gel method was used to synthesize nickel-alumitedysas with various nickel loadings. Chemical and
physical properties of support and supported nickel weeeastierized by TGA, DTA, EDX, SEM, BET, XRD and TPR tech-
niques. Calcination temperature (3@) was determined by performing thermogravimetric analy$iGA) and differential
thermal analysis (DTA) on the samples. Energy dispersivayX(EDX) was used to determine the actual content of nickel
on alumina. N adsorption test revealed that the specific surface areadvagtween 550 and 223%fg for pure alumina and
30%Ni/Al, respectively. X-ray diffraction (XRD) patterrshowed no peaks due to NiO species and NiO species were well
dispersed on the support by formation of Nj@l, phase. Temperature-programmed reduction (TPR) indi¢chsgdhe nickel
species mainly presented in Nif, phase and small amount of NiO. In the 20 percent nickel lapdime surface NiAJO,
phase, which is between NiO and bulk Nj&l, phases in terms reducibility, was formed considering aseessful result.
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1. Introduction have been extensively used because of low cost, good ther-
mal stability, high specific surface area and relativelyhhig
In recent years, catalytic reforming of hydrocarbons ha%atalytic activity [L3-15]. However, in spite of many stud-
been extensively used for hydrogen production. Greenhousgs and attempts, no efficient nickel catalysts with degdrab
gases emitted from hydrocarbon fuels, cause atmospher'tg}operties have been established yet.
pollution and global warming. However, when pure hydro-" | the nickel-alumina catalysts, NiO species can be pre-
gen is burnt, water and heat are the only products. Thussented in two forms: free NiO species on the surface of
hydrogen as a clean fuel is the best replacement for fossj| ,O5 or incorporated with AJO, to form NiAl,O,. Free
fuels [1-3]. NiO species are easily reduced to Ni particles. Howevey, the
For catalytic reforming of hydrocarbons, a catalyst with 5re sintered more than NisD, during the thermal treat-
high surface area, thermal stability and resistance toserd ment, resulting in catalyst deactivation. The extent incor
activation of active phases is required. This has been a maigyration of N?* with Al, 05 depends on the chemical prop-
subject of many researches in recent yea3|| erties of the support, preparation conditions and amount of
Many researchers have reported that the sol-gel methogickel loading [L6]. In other words, when the chemical prop-
can be used for synthesis of supported metal catalysts WitBrties of the support and preparation conditions are fixe, t
high, uniform and stable metal dispersidh §]. For exam-  eytent incorporation of Ni* with Al,O, could be properly
ple, it has been reported that nickel-alumina synthesized beontrolled by changes in nickel loading amount. On the other
sol-gel method has more stable support structure and high@zng, most of researchers have synthesized bulk JTAI
nickel dispersion than those catalysts synthesized bystenv phase or free NiO species on,8, as a catalyst, causing
tional methods such as impregnatids].[ In this method, \eak reducibility and high sintering of active sites, respe
physicochemical properties of catalysts like porosity sund tively. Indeed, reports on synthesis of surface M@y phase
face area are controllable by pretreatment steps such as agk 5 catalyst have been rarely published.
ing, drying, calcination and other synthesis conditiong: D In the present work, in order to synthesize surface
ferent supported metals such as Co, Cu, Ni, Pt and Rh havgjp| ,O, phase, which is between NiO and bulk Nj@,
been used to catalytic reforming of hydrocarboh@-12]. phases in terms of nickel-support interaction (redudiili
It has been reported that Rh-supported catalysts have thgyr samples of NiO/AJO, catalyst were synthesized with
highest activity and stability toward deactivatidk8[. How-  \;arious nickel loadings (5, 10, 20 and 30%). All samples
ever, they are very expensive. Therefore, the cheapersnetalere synthesized by sol-gel method. The fundamental ob-

like Co, Fe and Ni supported on various oxides such as.SiO jective was to determine the optimum nickel loading for the
Al,03, ZnO, MgO and ZrQ have attracted the attention of inimization of reducibility temperature.

many researchers. Among them, nickel-alumina catalysts
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ATB EtOH . - .
Table 1: Molar ration of the precursors and acidity of theultasg gel

Catalyst Molar ration and acidity

ATB H,O EtOH pH
Pure ALO; 3.6 26.4 5.2
5 Ni/Al 3.6 26.4 5.1

1

1
Vigorous mixing 10 Ni/Al 1 3.6 26.4 5.0
20 Ni/Al 1 3.6 26.4 5.0
30 Ni/Al 1 3.6 26.4 5.0

Nickel aq

Hydrolysis / Condensation Thermal stability and structure destruction of the support
reactions and supported nickel catalysts were investigated by TGA and

DTA at a heating rate of T&/min up to 700C. The weight

v of samples was 8 mg under sweeping air atmosphere at 10

Aging for 6 days ml/min (PL Thermal Science STA 1500).

Scanning electron microscopy (SEM) images were taken
on a Philips XL 30 operating at an accelerating voltage from
5to 30 kv. The samples were coated with a thin film of gold
on their surface using a sputtering device. In order to deter
mine the actual and uniform nickel loading, EDX analysis
was used.

The specific surface area and pore volume of the samples
were determined by Nadsorption at 77 k (Micromeritics
Figure 1: Schematic procedure for the preparation of niekefrina cata- ~ Gemini 2375 V4.02) previously degassed at XG@or 2 h.

A 4

Thermal treatment

A 4

Final product

lysts synthesized by sol-gel method TPR was performed on Quantachrome CHEMBET 3000
apparatus to investigate the reducibility of the samples. B

2. Experimental Procedure fore analysis, by passing argon over the samples, they were
degassed at 10Q for 1 h. After pretreatment, the samples

2.1. Catalyst preparation were heated up to 95Q at a heating rate of 2&/min. The

Nickel-alumina catalysts with different nickel contents Neated samples were held at 96Gor 10 min. The flow was

were synthesized using sol-gel method. Nig56 H,O 7% Hy/Ar (10 ml/min).

with over 99% purity was used for the nickel precursor. Alu-

minum tri-sec-butoxide (ATB>> 97%) was used as an alu- 3. Results and Discussion

minum precursor. All the above chemical agents were sup-

plied by Merck Company. The preparation process began b.1. Physiochemical properties of synthesized catalysts

gradual adding of ATB into ethanol while being stirred vig-  The pH of the resulting gel, EtOH/ATB and,B/ATB
orously. Pre-dissolved nickel precursor in a required amhou molar ratio were fixed in order to investigate the effect of
of deionized water was added into suspension of ATB angjckel loading on the specific surface area and pore volume
ethanol at a flow rate of 2 ml/min. During the adding of of samples. Tabl@ shows the effect of nickel loading on
aqueous nickel precursor, a green gel was formed. The colgpe specific surface area and pore volume of nickel-alumina
of the gel changed from light green to dark green with the in-catalysts. The results show that the specific surface acka an
crease of nickel loading. For pH adjustment of the obtainegore volume of the catalysts decreased with the increase of
gel, NH,OH or HNG; (65%) was slowly added into the re- npjickel loading, probably due to blockage of the support pore
sulting gel. The molar ratio of used precursors for preparapy NiO particles. Pure suppory-@l,0O,) and 30Ni/Al cat-

tion of catalysts is shown in Table The gel was stirred for 1 ajysts showed the highest (55C4g) and the lowest (223
h and then aged for 6 days at ambient temperature. The ageg?/q) specific surface area, respectively.

gel was dried in oven at 10Q for 12 h. For calcination,

the samples were heated up to 30t 10C/min and held 3.2, Morphology of support and supported nickel catalysts
for 4 h under static air atmosphere. Schematic procedure for Th . .
e surface morphology of nickel-alumina apd\l,O;

preparation of nickel-alumina catalysts using sol-gellrodt . . ) .
is presented in Figure The synthesized nickel-alumina cat- catalysts were studied by SEM (Fig. 2). As illustrated in

alysts were assigned as XNi/Al, where X is the percentage

weight of nickel in the catalyst. _ , .
Table 2: Physical properties of the catalysts calcined @tG0or 4 h
Catalysis Amount of Ni  Actual Ni content  Specific surface  Pore volume

2.2. Catalyst characterization used (%wt) (Yowt) area (Ahg) (cPlg)
. . Pure ALO, B B 550 0.923

The crystalline phases of support and supported nickel cats yia 4.9 5 505 0.427
alysts were identified by XRD with Cuckradiation (Philips 1ONV/AI 9.6 10 423 0.442
20Ni/Al 19.1 20 314 0.307
Xpert,y= 0.15406 nm) at 40 kV and 40 mA. The measure- zgnjal 29.4 31 223 0.245

ments were carried out in steps of O@&c in the B range
of 10-80'.
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Figure 3: TGA and DTA analysis for non-calcined support

The percentage weight loss in the first and second regions
was found to be 13 and 24%, respectively. For the typical
non-calcined supported nickel catalyst (Figdde the total
weight loss was 47%. This weight loss occurred at two tem-
perature regions. The first region occurred between 25 and
168 C and reached to a maximum at°8) The weight loss
e . A : in this region was obtained as 13%. It should be related
%«_ et N b 2 | to removal of residual ethanol (organic solvent), bulk wate
: TR and physisorbed water. In DTA profile, the first endother-
mic peak at 80C is related to the first weight loss region.
The second weight loss region happened at the temperature
range of 170-420C, where a broad endothermic peak be-
tween 170 and 35 with maximum at 300C in DTA curve
was observed relating to the decomposition of nickel rétrat
Fig. 2a, they-Al,O, catalyst has a very high porous struc- entrapped in the pores of the suppd}. [ The amount of
ture, which is in good agreement with this sample’s high suraweight loss at the second region was found to be 31% of the
face area. Other images present the surface morphology eample weight. The total weight loss of the supported nickel

Magn wo
5000% 84 SN9
N

Figure 2: SEM images of (a) PuyeAl,O3, (b) 5Ni/Al, (c) 10Ni/Al, (d) 20
Ni/Al and (e) 30Ni/Al catalysts calcined at 500 for 4 h (scale: 1m)

nickel-alumina catalysts with various nickel loadings. sample was more than the total weight loss of the support,
as expected. This difference is related to the dissociation
3.3. Thermal analysis of synthesized catalysts nickel nitrate presented in the supported nickel sampleat As

TGA and DTA were carried out to study the weight loss, can be seen, there were no appreciable thermal changes and
thermal behavior and structural destruction of the saniples Weight loss when the sample was heated aboveG@fd it
the calcination treatment. was considered as calcination temperature.

Figure3 shows the results of TGA and DTA analysis for ~ The results of TGA and DTA analysis of the calcined sup-
non-calcined support. The observed TGA curve showedported nickel sample are presented in FigGreThe total
37% as total weight loss that occurred at two temperaturd/eight loss was about 3.5 % that occurred in one step from
regions. The first region occurred from room temperature t¢d00M temperature to 188 with an endothermic peak at
130°C and reached a maximum at°"z3 which Corresponded 80°C. It can be attributed to the removal of water adsorbed on
to the removal of the whole organic solvent, bulk water andthe sample. There were no thermal and weight changes with
physisorbed water. The first endothermic peak in the DTAfurther increase of temperature. Therefore, it can be con-
curve related to this process. Weight loss at the second tenfirmed that calcination treatment at 5@for 4 h caused the
perature region began from 18D and ended at 56@. In  removal of the whole solvent, bulk and structure water from
this region, two endothermic peaks were observed, whicithe samples as well as complete decomposition of nickel ni-
occurred at 225 and 418C, respectively. They were at- trate into nickel oxide.
tributed to the removal of structure water from the support

that can be presented by the fo”owing equatim n_s] 3.4. CryStalline structure and phase of CatalyStS
The XRD analysis was performed to study the crystalline
AlO (OH)-nH,0 —» AIO(OH) +nH,0 (1) structure of the samples. FiguBeshows the XRD patterns

of sol-gel synthesizeg-Al,O5 (calcined at 500C for 4 h)
2AIO(OH) — y=Al;03 +H,0 @ and commerciay-Al,05. The spectrum of the commercial
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Figure 4: TGA and DTA analysis for typical noncalcinedsujed nickel
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Figure 5: TGA and DTA analysis for typical calcined suppdntéckel

y-Al, O3 is shown for comparison. The XRD spectrum of
the synthesizeg-Al,O; showed very low and broad peaks

indicating that the sample was in amorphous form. This is AR
confirmed by high specific surface area of this sample. On 020

the other hand, XRD spectrum of the commergial,O4
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Figure 6: XRD patterns of (a) sol-gel synthesizgél,O, calcined at
500°C for 4 h, and (b) commercigtAl ,Oq
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showed relatively sharp and intense peaks indicating high

crystallinity and presence of bigger crystallite size camp

ing to the synthesizeg¢-Al,O5 sample. The crystallite size Figure 7: XRD patterns of (a) sol-gel synthesizedl ,0;, (b) 5Ni/Al, (c)
of both samples was calculated through Scherrer equationONi/Al, (d) 20Ni/Al and (e) 30Ni/Al calcined at 50€ for 4 h

The crystallite size of the commercig@Al,O5 was found
about 6.8 nm, while that of the synthesizg@l,O; could

not be calculated because its size was smaller than the- detei

tion limit of XRD measurements. It is noteworthy that XRD

can only calculate crystalline sizes that are larger th&n 2-

nm [16].

The XRD patterns of the supported nickel samples with

various nickel loadings are presented in FigdreAll sam-
ples were calcined at 500 for 4 h. The XRD patterns re-

vealed that the support and supported nickel samples had lo
crystallinity phase as evidenced by the broad peaks assign

to the presence gfAl,O5 and NiAl,O, phases, respectively.
This low crystallinity is in very good agreement with thelhig

s(pecific surface area of these samples. When the nickel was
oaded on the support, the main diffraction peak-afl ,O4
shifted to lower angles; this was due to diffusion of NiO par-
ticles into the support structure to form the Nj8l,phase.

No diffraction peaks, attributed to the nickel oxide, webe o
served even at 30% nickel loading. This result indicates tha

nickel particles are highly dispersed even at high nickadito

ings by formation of NiA}O, phase and possibly very fine
Nio species. The position of (4 4 0) diffraction peak, re-

?ating to NiAl,O,, slightly shifted to lower angles with the
increase of nickel loading. This is due to the formation of de
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phase is more reducible than the bulk Ni@], phase and
also has more resistance to sintering, compared to free NiO
species. It has been reported that interaction betweeelnick
species and alumina decreases with the increase of nickel
loading. However, in this work, a reversed pattern of tem-
perature change was observed by passing from 20Ni/Al to
30Ni/Al catalyst, increasing from 738 (20Ni/Al) to 799 C
(30Ni/Al), which indicates an increase in metal-suppotrt in
© teraction. It is believed that in the 20Ni/Al catalyst, most
—_/_J\ ®) nickel species were located on the surface of alumina, while
827°C in the 30Ni/Al catalyst most of them were located in the bulk
(@) of alumina. Indeed, the surface Ni®, phase, which is be-
200 300 400 500 600 700 800 900 1000 1100 tween NiO and bulk NiAJO, phases in terms of reducibility
(metal-support interaction), was formed in the 20Ni/Alazat
lyst using sol-gel method.

H, consumption

Temperature (°C)

Figure 8: TPR curves for (a) sol-gel synthesizedl, 05, (b)5 Ni/Al, (c) 4. Conclusion
10Ni/Al, (d) 20Ni/Al and (e) 30Ni/Al catalysts ) ) )
Sol-gel method was used to synthesize nickel-alumina cat-

. _ . alysts with various nickel loadings. The effect of nickeddb
fect spinel NiALO, phase 13]. Further, it has been reported ing on the specific surface area and pore volume was stud-
that the shift of the main diffraction peak is dependent @ th jed. It was found that both specific surface area and pore

amount of NiO species in the 405 support [L9]. volume decreased with the increase of nickel loading. The
_ . TGA/DTA analysis of the calcined and non-calcined cata-
3.5. Metal-support interaction lysts revealed that calcination at 5@for 4 h caused the

To study the reducibility of NiO species and metal-supportremoval of the whole organic solvent, bulk and structural wa
interaction, TPR experiments were performed. TPR test water. It also led to the complete decomposition of nickelatér
also performed on the suppoytAl ,05) for comparison pur-  into nickel oxide. The XRD patterns of calcined catalysts
pose. The results showed that the support had padi-  showed that nickel species well disperseds# ,O; by for-
sumption peak indicating that it retained the oxide form agnation of NiAl,O, phase. The TPR results showed that re-
expected (Figur@®). For all the supported nickel samples, ducibility of catalysts increased in the sequence of 5Ni/Al
the TPR curves showed two sets of Ebnsumption peaks. (827°C) < 30Ni/Al (799°C) < 10Ni/Al (786°C) < 20Ni/Al
The first set of peaks occurred at temperatures lower thatv55°C). Therefore, the optimum nickel loading to obtain
610°C (low temperature reduction peak). These peaks werthe maximum reducibility of nickel-alumina catalysts (for
attributed to the reduction of bulk NiO species with differ- mation of surface NiAJO, phase) and also stable towards
ent extent interactions with the support. The second set agsintering was found in 20% and this catalyst is promising to
peared around 80C (high temperature reduction peak) cor- catalytic reforming of hydrocarbons.
responding to the reduction of NifD, phasesZ0, 21]. The
XRD patterns of these samples sh0\_/ved no qiﬁracupn,peakﬁcknowledgements
corresponding to the presence of NiO species. This is pos-

sibly due to the excellent dispersion of NiO species on the The authors are grateful to the National Iranian Oil Prod-
support and the crystallite sizes were smaller than detecti ycts Distribution Company (NIOPDC) for financial support.
limit of XRD measurements2p]. The authors also thank particularly Masood Vesali from

It is emphasized in the literature that the reducibility of Tehran University for the BET measurements.
nickel-alumina catalysts strongly depends on the interact
between NiO species and the support. For 5Ni/Al catalyst
the reduction of bulk NiAJO, phase occurred at 82C rep-
resented b)_/ a single peak. As the r‘iCke| |Oadi|?g increased tQy] pakizeh M, Omidkhah M and Zarringhalam Bynthesis and charac-
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these two samples, the low temperature rSdUCtlon_ peak Wa?z] Cheekatamarla PK and Finnerty Reforming catalysts for hydrogen
observed at the temperature range of 4502€l1&lating to generation in fuel cell applicationslournal of Power Sources, 2006.
the relatively strong NiO interaction with the support. Vit 160(1):pp. 490 — 499doi : 10. 1016/ j . j powsour . 2006. 04. 078
increasing of nickel loading to 20%, the high and low tem- [3] Natesakhawat S, Watson RB, Wang X and Ozkan D&activation

ture reduction peaks shifted to 755 and°€30espec- characteristics of lanthanide-promoted sol-gel NyB4 catalysts in
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spectively P1]. It is well known that the surface NiAD,
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