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Abstract

Chemical templates containing binary metal components were prepared by controlling pH of a mixed solution of magnesium stearate and
nickel salt. The resulting templates were used as structure-directing agents and bimetallic sources in the preparation of porop@NiMg-Al
catalysts, where Al(OBy)vas used as an aluminum source. Both NiMg-NP (a NiMgAlcatalyst templated by a NJ@H-treated precipitate)
and NiMg-HS (a NiMg-AbO; catalyst templated by a HClI-treated solution) catalysts showed almost the same physical properties. However,
chemical properties of these catalysts such as metal reducibility and metal-support interaction were different depending on the identity of
templates. Compared to the NiMg-NP catalyst, the NiMg-HS catalyst exhibited weak interaction between metal and support, resulting in
more intensive metal aggregation. For comparison purpose, Ni and NiMg catalysts supported on mesoporous alumina were also prepared by &
conventional impregnation method. In the hydrodechlorinatiardithlorobenzene, the secondary metal component (magnesium) enhanced
the catalytic activity and inhibited the catalyst deactivation. Among the catalysts employed in this work, the NiMg-NP catalyst, which retained
a homogeneously mixed metallic state, was the most active in the catalytic reaction and was the most resistant against deactivation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction widely used as chemical templates in the preparation of meso-
porous alumina by templating methd8s-7,15,16] Itis well
Mesoporous materials prepared by a self-assembled surknown that mesoporous aluminas have a three-dimensional
factant aggregate have been widely studied and employednterconnected pore system in the form of sponge-like struc-
in many fields of material science and engineering due to ture, which is a great advantage in the catalytic applications
their remarkable features such as high surface area, largd17-23]
pore volume, and narrow pore size distributitr14] These Mesoporous aluminas having high surface area with uni-
materials are potentially important as highly efficient cata- form pore size distribution have been investigated for use
lyst supports due to the merit of controllable porosity that as catalyst supports in the hydrodechlorination reactions
makes supported catalysts have desirable level of diffusion[17,18] In the early stage of our researches, these alumi-
efficiency. Among mesoporous materials, mesoporous alu-nas were found to be efficient supports for the preparation
mina has attracted much attention as a catalyst support in theof finely dispersed Ni-AlO3 catalysts, until some problems
petrochemical industry. lonic or neutral surfactants have beenhave been notefd 7,18]. One problem was pore blocking by
metal species after the thermal treatment, which eventually
* Corresponding author. Tel.: +82 2 880 7438; fax: +82 2 888 7295. acted as a barrier against the diffusion of reaction species. The
E-mail addressjyi@snu.ac.kr (J. Yi). other problem was aluminum dissolution occurred in the im-
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pregnation step of metal precursor, resulting in the formation slowly added to the mixture at a rate of 1 ml/min. The result-
of less active nickel aluminate spinel in the hydrotreating re- ing suspension was further stirred for 24 h, and then it was
actions. In order to overcome these problems, we developeddried at 80°C for 48 h. Solid product was finally calcined

a new method for the synthesis of mesoporous NIAI for 6 h at 500°C in air. The NiMg-AbLO3 catalysts prepared
catalysf11]. It was revealed that magnesium ion of the mag- using HCl-treated solution and N@H-treated precipitate
nesium stearate could be substituted with nickel ion of nickel were denoted as NiMg-HS and NiMg-NP, respectively. The
nitrate by the treatment with HCI or N4®H to yield nickel NiMg-Al ;O3 catalysts were also prepared using /XHH-
stearate. The resulting nickel stearate was successfully usedreated solution and HCI-treated precipitate. However, these

for the preparation of highly dispersed mesoporous NicA| catalysts showed low metal concentration, poor mesoporos-
catalyst. Although this method using nickel stearate can beity, and low catalytic performance. Therefore, our investiga-
a simple route for the preparation of mesoporous NicA| tion was mainly focused on the NiMg-4D3 catalysts pre-

catalyst, the resulting catalyst contains only a single metal pared using HCl-treated solution and NbH-treated precip-
component. For more versatile application, it is desirable to itate, i.e., NiMg-NP and NiMg-HS catalysts.
prepare bimetallic catalysts with mesoporosity. It is known
that bimetallic catalysts, compared to mono-metal catalysts, 2.3. Preparation of Ni and NiMg catalysts impregnated
have several beneficial effects in terms of catalyst deactiva-on mesoporous alumina (MA)
tion, product selectivity, and catalytic performance, owing to
the electronic or geometric effect of metal surfaces referred  For comparison and reference, Ni and NiMg catalysts im-
to as an alloying effed4—28] pregnated on mesoporous alumina were prepared. At first,
In this work, bimetallic NiMg-stearates were prepared by mesoporous alumina (denoted as MA) was prepared by a
controlling pH of the mixed solutions of magnesium stearate post-hydrolysis methofB] for use as a support. A typical
and nickel nitrate, and these surfactants were then used asynthesis procedure of the mesoporous alumina is as follows.
structure directing agents and bimetallic sources for the syn- Appropriate amounts of AfecBuO); and stearic acid were
thesis of mesoporous NiMg-AD3 catalysts. The supported separately dissolved isecbutyl alcohol, and the two solu-
bimetallic catalysts were applied to the model hydrodechlo- tions were then mixed. Water was added to the mixture at a
rination reaction ob-dichlorobenzene (a toxic chemical in  rate of 1 ml/min, until a white precipitate was formed. The
an environmental point of view). resulting slurry was further stirred for 24 h, and subsequently,
it was dried in air. The crude product was calcined at 800
for 6 h with a stream of air. Ni/MA and NiMg/MA catalysts

2. Experimental were prepared by a conventional impregnation method. The
loadings of each metal component were adjusted to be ca. 10
2.1. Synthesis of bimetallic NiMg-stearate from and 5wt.% for Ni and Mg, respectively.

magnesium stearate
2.4. Characterization

Mole ratio of magnesium stearate with respect to HCI
or NH4OH was precisely controlled to be 1:2.5. Appropri- X-ray diffraction (XRD, M18XHF-SRA, MAC/Science)
ate amounts of magnesium stearate and nickel nitrate weremeasurements were carried out in order to investigate phase
dissolved insecbutyl alcohol, and the pH of the mixed so- transformation and particle size of the catalysts. Adsorp-
lution was then adjusted with HCI or NJ@H. Due to the tion isotherms of nitrogen were obtained with an ASAP-
formation of different metal salts, the color of the mixed 2010 (Micromeritics) apparatus. Pore size distribution was
solution was changed from lime-green into dark-green af- determined by the BJH method applied to the desorption
ter the addition of HCI, and from lime-green into lime-blue branch of the nitrogen isotherm. The Ni particles on the
after the addition of NEJOH. This mixture was stirred for  catalyst surfaces were imaged by transmission electron mi-
1h, and the resulting product was then separated by cen-croscopy (TEM, Joel, JXA-8900R) using an ultrasonically
trifugation. The solution from the HCI-treated reactant and dispersed catalyst sample (in ethanol) deposited on a car-
the solid precipitate from the NfDH-treated reactant were  bon grid. Temperature-programmed reduction (TPR) mea-
separately used as a structure directing agent and bimetallicsurements were carried out in a conventional flow system

source. with a moisture trap connected to a TCD at temperatures
ranging from room temperature to 990 with a heating rate
2.2. Preparation of NiMg-AlOs of 10°C/min. For the TPR measurements, a mixed stream

of Hyo (2ml/min) and N (20 ml/min) was used for 0.1g
Bimetallic NiMg-stearate and aluminureecbutoxide of the catalyst sample. Temperature-programmed desorption
were used as a chemical template and an aluminum precur{TPD) profiles of hydrogen were obtained in a conventional
sor, respectively. The aluminum source and chemical tem-flow system equipped with a TCD. Prior to the TPD exper-
plate were separately dissolvedsecbutyl alcohol, and the  iments, the catalysts were reduced with a stream phH
two solutions were then mixed. Small amounts of water were 450°C for 3 h. Physically adsorbed hydrogen was removed
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Table 1
Surface area, pore volume, and metal loading of the supported catalysts
NP HS MA Ni/MA2 NiMg/MA 2

Surface aréa(m?/g) 318 234 376 234 161
Pore volumé (cm®/g) 0.45 032 076 032 028
Metal loading (wt.%)

Ni 7.25 817 - 103 104

Mg 4.01 405 - - 49

a Catalysts impregnated on mesoporous alumina.
b Calculated by the BET equation.

¢ BJH adsorption pore volume.

d Measured by ICP-AES.

by evacuation at a pressure o&k2L0 2 Torr. The tempera- 3. Results and discussion

ture was raised up to 80C with a ramping rate of 53C/min . .
using Ar (10 ml/min) as a carrier gas for 0.5g of catalyst 3.1. Metal loadings and textural properties

sample.
In a previous work11], it was reported that nickel stearate

could be prepared from a mixed solution of magnesium
stearate and nickel nitrate by adjusting pH of the solution.

Hydrodechlorination ofo-dichlorobenzene was carried In this study, therefore, pH of the mixed solution was pre-
out in a continuous flow fixed-bed reactor at an atmospheric cisely controlled in order to obtain a chemical template con-
pressure. Each catalyst (0.2 g) with a size of 1504200 taining two metal components, nickel and magnesium, in a

was charged into a tubular quartz reactor, and activated with asingle template. As summarizedTable 1 ICP-AES analy-
mixed stream of k(20 ml/min) and N (20 ml/min) at450 C ses revealed that all the catalysts derived from these chemical

for 3h. The reaction temperature was maintained a80 templates retained bimetallic systems. This result also shows
The reactanto-dichlorobenzene, was vaporized by passing thatmagnesiumionsinthe magnesium stearate were partially
a pre-heating zone and fed into the reactor continuously atreplaced by nickel ions.

a rate of 5.00< 10~3mol/h. The products were periodically Nitrogen adsorption—desorption isotherms and pore size
sampled and analyzed with GC—MS and GC (HP 5890 II, distributions of NiMg-AbOs catalysts are shown iRig. 1

FID). Catalytic reactions were carried out several times for Textural properties are also listedTable 1 The NiMg-NP

each catalyst under the same conditions. In each run, the conand NiMg-HS catalysts showed narrow pore size distribu-
version ofo-dichlorobenzene was oscillated within an error tions with well-developed framework mesoporosity, and their
hysteresis loops appeared within a relative pressure ranging

2.5. Hydrodechlorination of o-dichlorobenzene

range of+2%.
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Fig. 1. (a) N adsorption—desorption isotherms, and (b) pore size distributions of Nild@sdatalysts.
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Fig. 2. (a) N adsorption—desorption isotherms and (b) pore size distributions of mesoporous alumina (MA) and impregnated catalysts.

from ca. 0.510 0.8. Itis known that the formation mechanism the XRD patterns of the reduced catalysts, indicating the for-
of chemical template containing metal source is strongly in- mation of metal aggregation during the reduction step. Com-
fluenced by the solubility product value of the metal EHL{. pared to the reduced NiMg-NP catalyst, the reduced NiMg-
The Ksp value of metal chloride has an order ofl1@vhile HS catalyst showed relatively sharp XRD peaks of metallic
that of metal hydroxide has an order of #0 This means Ni species. This indicates that the NiMg-HS catalyst retained
that metal chloride is much more highly soluble in an aque- larger metal aggregation and lower metal dispersion than the
ous solution than metal hydroxide. Therefore, it is inferred NiMg-NP catalyst.

that metal chloride were mainly dissolved in the liquid phase  As shown inFig. 4, it should be noted that the position of
and co-existed with stearate salt at low pH (HCI treatment), (4 4 0) diffraction peak of the impregnated catalysts shifted to
while metal hydroxide co-existed with stearate salt in the the small diffraction angle compared to that of the bare alu-
precipitate phase at high pH (MBH treatment). Thisisthe  minasupport (67.09, indicating the metal incorporationinto
reason why NiMg-NP and NiMg-HS catalysts retained high alumina lattice in the impregnated catalysts. The ionic radius
metal contents with well-developed mesoporosity.

Fig. 2shows the nitrogen isotherms and pore size distribu-
tions of bare alumina and impregnated catalysts. Compared to
the bare alumina, the impregnated catalysts showed different
isotherm patterns and pore size distributions. This indicates
that aluminum dissolution and pore blocking by metal com-
ponents occurred during the impregnation step, as previously
reported17,18] Therefore, it is inferred from the results in
Figs. 1 and 2hat the NiMg-NP and NiMg-HS catalysts may
have advantages in catalytic applications over the conven-
tional impregnated catalysts.

3.2. Phase transformation and particle size

Intensity (A.U.)

XRD patterns of NiMg-HS and NiMg-NP catalysts are
shown inFig. 3. Although the presence of metal components
was confirmed by ICP—AES measurements, no characteris-
tic peaks indicating metal components were observed in the
XRD patterns of the calcined catalysts. When metals such — 7 1 T T T T T 1

. . 10 20 30 40 50 60 70 80
as Ni and Mg are supported gRrAI»,03, metal particles are
) . ‘ . 2 THETA
highly dispersed on the support via strong metal-support in-
teraction, and sometimes, these metal particles are too smallcig' 3. XRD patterns of NiMg-AiOs catalysts: (a) calcined NiMg-NP, (b)
to be detected by XRD measuremefit8,29] On the other calcined NiMg-HS, (c) reduced NiMg-NP, and (d) reduced NiMg-HS: ver-
hand, the characteristic peaks for metallic Niwere observed intical lines represent a (4 4 0) diffraction angl¢),(Metallic Ni.
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Fig. 4. XRD patterns of mesoporous alumina (MA) and impregnated cata-
lysts after calcination: vertical lines represent a (4 4 0) diffraction angle.

of nickel or magnesium is larger than that of aluminum, and
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3.3. Reducibility of NiMg-AlO3 and impregnated
catalysts

Fig. 6 shows the TPR patterns of NiMg-AD3 and im-
pregnated catalysts. The TPR pattern of NiMg-HS catalyst
is similar to that of NiMg/MA catalyst, where two reduc-
tion peaks were observed at below 450 and above’800
On the other hand, the reduction peak of NiMg-NP catalyst
appeared as a single broad one at around®60@s shown
in Fig. §b), the impregnated monometallic Ni/MA catalyst
showed three reduction peaks at ca. 400, 630 and®00
The TPR pattern of the supported metal catalyst generally
reflects the physicochemical state of the metal component
on the support, such as degree of metal-support interaction,
oxidation state of the metal, and particle size of the metal
specieg33—-38] When nickel was impregnated 6rAl ;03
and the catalyst was calcined under the mild conditions, the
reduction peak at around 60Q can be a typical character-
istic peak of Ni/AbO3 catalyst. The reduction peak at be-
low 500°C corresponds to easily reducible Ni species with a
weak metal-support interaction, while the reduction peak at
around 800C represents the nickel aluminate-like species.
Inthe TPR pattern of the Ni/MA catalyst, therefore, the peaks

therefore, incorporation of metals leads to a lattice expansionat around 400 and 80 can be attributed to the reduction of

of alumina, resulting in a shift of the diffraction pef0,31].
Compared to the impregnated catalysts (66.64 and 66028
Ni/MA and NiMg/MA, respectively,Fig. 4), NiMg-Al ;03

nickel aggregates weakly interacted with alumina supportand
the reduction of nickel aluminate, respectively. It has been
reported that nickel aluminate species were formed in the

catalysts experienced a large shift of (4 4 0) diffraction peak impregnated Nij-Al,O3 catalysts after calcination at high

(64.90 and 65.53for NiMg-NP and NiMg-HS, respectively,
Fig. 3). These results suggest that the NiMg®@4 catalysts

temperature (usually above 600) [39—-41] When consid-
ering the mild calcination conditions employed in this work,

are much more stable than the impregnated catalysts becauste formation of nickel aluminate species in the Ni/MA cat-

metal incorporation leads to a decrease in the cationic defi-

ciency ofy-Al,03 [32].

TEM images of the reduced NiMg-AD3 catalysts are
shown inFig. 5. Some metal aggregations were observed
in both catalysts, in good agreement with XRD results in
Fig. 3. Additionally, the NiMg-NP and NiMg-HS catalysts

retained their well-developed pore structure after the reduc-

tion at 450°C.

alyst is quite unusual. However, this result may be attributed

to the aluminum dissolution occurred during the impregna-

tion step, as reported previoudl7,18,42] The formation

of nickel aluminate in the NiMg/MA may be understood in

a similar manner, as explained above for the Ni/MA cata-

lyst. Therefore, it is reasonable to expect that the NiMg-HS

catalyst prepared from an acidic solution experienced serious
aluminum dissolution during the drying and calcination steps,

Fig. 5. TEM images of reduced NiMg-ADs catalysts: (a) NiMg-NP and (b) NiMg-HS.
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Fig. 6. TPR patterns of (a) NiMg-AD3 and (b) impregnated catalysts.

leading to the formation of nickel aluminate. Some metal ag- region. It is expected that the electronic property df Was
gregates of the impregnated catalysts, which are responsible&zhanged more rigorously with increasing the mixing degree
for reduction peak appearing at around 40@0are likelyto  of Niand Mg. This implies that Mg metals are more homoge-
be formed during the mixing step, while those of the NiMg- neously mixed with Ni species in the NiMg-NP catalyst than
HS catalyst are attributed to the solubility nature of metal those in the other catalysts. Therefore, it can be inferred that
chloride. As mentioned earlier, the solubility product value the metallic state in the NiMg-NP catalyst is more favorable
of metal chloride is very high, and therefore, metal chloride for Changing the electronic properties of th&@ Ni

can serve as an additional metal source that does not inter-

act with the template during the preparation of NiMg-HS. 35 Catalytic activity for hydrodechlorination of

On the other hand, NiMg-NP catalyst shows a single broad _dichlorobenzene

reduction peak at around 60G. From this result, it is con-

cluded that the NiMg-NP catalyst retained the highest level Fig. 8 shows the typical catalytic activities of supported
of homogeneity and dispersion of metal particles, among the catalysts in the hydrodechlorination ofdichlorobenzene.
catalysts employed in this work. Compared to the monometallic Ni/MA catalyst, the bimetal-
lic NiMg/MA exhibited the enhanced conversion and was
considerably resistant against catalyst deactivation. Among

3.4. Hydrogen TPD profiles the catalysts tested in this work, the MiMg-NP catalyst

In order to investigate, metal surface structure of the sup-
ported catalysts, hydrogen TPD measurements were carried
out.Fig. 7shows the hydrogen TPD profiles of supported cat-
alysts. Although the TPD peak positions were slightly differ-
ent from one another, the profiles could be divided into three
regions; below 400C, around 600C, and above 80TC. The
TPD profiles at above 80 were not completely probed in
this work. However, the occurrence of TPD peaks in this
region is obvious judging from the trajectory of the signal.

~Ni/MA

Hydrogen desorbed (A.U.)

Undoubtedly, the TPD peak at above 8@can be ascribed NiMg / MA
to the reverse hydrogen spill-ovgt3], and the other two 7 _

peaks can be assigned to different adsorption sites for hydro- P l,"'*N'Mg'HS
gen[44—-46] The NiMg-NP catalyst exhibited a stronger TPD \ NiMg-NP
signal at below 400C than the other catalysts, but the Ni/MA 3

catalyst showed no TPD signal at this region. According to a _ . . ' _ _ . . .
literature[46], addition of Mg as a secondary metal can alter 0 100 200 300 400 500 600 700 800 900

the electronic properties of Rileading to a weak interaction Temperature (°C)
between hydrogen and metal phase, which can be confirmed
by the appearance of intense TPD signal at low temperature Fig. 7. Hydrogen TPD profiles of supported catalysts.
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100 ture region. Because of the homogeneity of the mixed metal-
—=— NiMg-NP lic state, NiMg-NP catalyst showed a stronger TPD signal
0. —e— NiMg-HS at low temperature than NiMg-HS and NiMg/MA catalysts.
—, : EingLMA- The TPD results could be directly correlated with catalytic
t T activities in the hydrodechlorination @kdichlorobenzene.
3 60- \x\ " The NiMg-NP catalyst showing the most intense TPD peak
E '\\‘N '\-\_\ at low ter_nperatur(_a exhibite_d the highest _catalytic activity in
7 40 g —— . the reaction. The introduction of magnesium as a secondary
z \ Q% metal was beneficial in retarding catalyst deactivation be-
o \ AT cause magnesium oxides could readily react with HCI (a cat-
201 \ i alyst poison).
\\'"-“V-—va
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Fig. 8. Catalytic activities in the hydrodechlorinationoeflichlorobenzene.

showed the highest catalytic performance. This result is in
good agreement with a previous observation in a sense that a
catalyst showing a strong TPD signal at low temperature re-
gion might be highly active in the hydrodechlorinatigi®].
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