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Abstract

Nickel precursors were added midway during the self-assembly of a block copolymer and a silica precursor, leading to the rapid and fac
production (one-step) of highly ordered mesoporous nickel catalysts. Ni-MH and Ni-MS were prepared using H&Dpasithe acid source.
Both Ni-MH and Ni-MS contain uniform mesopore channels with a periodic mesochannel alignment (space@roup,Ni-MS contained
smaller nickel particles than Ni-MH, as evidenced by XRD and TEM analyses. TEM images clearly show that NiO in Ni-MH is deposited alon
the mesopore channel. Both the critical dependence of the temperature used in the synthesis of Ni-MH on nickel loading and the increas
nickel loading resulting from the use of 30 (Ni-MS) as a counteranion indirectly suggest that the self-assembly of mesostructured nickel
catalysts mainly involves an electrostatic pathway and complexation between the polyethylene oxide (PEQ) branch in Pi23Thed dlites
for the self-assembly appear to largely involve electrostatic interactions in the case of Ni-MS and coordination by PEO in the case of Ni-MH. T
morphologies of the Ni-MH and Ni-MS catalysts can be manipulated by varying the reaction temperature used, thus permitting the productior
uniform rod-like forms or uniform spherical particles. As the reaction temperature is increased, both Ni-MH and Ni-MS appear to have a mo
curved shape in both meso and macroscopic views.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ports, and their tunable mesoporosity may reduce the extent of
deactivation due to coke formation and plugging phenomenon
Ordered mesoporous materidl§ show a large BET sur- that occurs in the micropores, which blocks pores, leading
face area, high porosity, controllable and narrowly distributedo limitations in the mass-transfer of reactants and products.
pore sizes, and an ordered pore arrangement. These materidlserefore, ordered mesoporous materials have the potential
are potentially promising candidates for use in cataljat®], for use as high performance catalyst supports. Among the
adsorbent§10-13] sensorq14], and hostd15,16] for host-  diverse ordered mesostructured family, because of its relatively
guest encapsulation in composite materials. Among the widaigh mechanical, thermal, and hydrothermal stabilities with a
variety of application areas, our interest has focused on theell-defined pore structure and uniform pore sizes of cylin-
preparation of heterogeneous catalysts supported on orderddcal shapg18,19] we have concluded that SBA-15 is one
mesoporous materials. In such a system, the confinement of the most promising catalyst supports for practical indus-
nanoparticles in the mesochannels of mesoporous silicas aitisal applications in the field of heterogeneous catalysis. In
in stabilizing the highly dispersed metals and oxides in uni-order to develop an effective mesoporous catalyst supported
form porous matrixeq7,8,17] Furthermore, ordered meso- on SBA-15, in a departure from these synthetic methods, we
porous materials have a more uniform pore structure and have considered the possibility of the one-step preparation
larger surface area than conventional industrial catalyst sumf mesostructured catalysts supported on SBASé&héme 1
C), which would result in a significant reduction in both
cost (increases in the economic feasibility of ordered meso-
* Corresponding author. Tel.: +82 2 880 7438; fax: +82 2 888 7295. porous materials) and the time required for the manufacture of
E-mail address: jyi@snu.ac.kr (J. Yi). mesostructured catalysts. This novel strategy demonstrates that
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Silica precursor, Templating agent trichloroethane (TCEa) into vinyl chloride monomer (VCM)

was also tested.
(i) Self-assemMCondensation
2. Experimental

(i) Self-assembly
(i) metal salt 2.1. Synthesis of nickel catalysts (Ni-MH and Ni-MS) with

The synthesis of mesoporous materials

J’ v (i) TEOS ordered mesoporosity via a one-step procedure
Metal-chelating organic grafting
Wetnsss impregnation v A triblock copolymer [Pluronic P123 (EQPO;0EOs0,
l Metal fon acsotption Ma,=5800), BASF] was used as a templating agent without
v M further purification. Tetraethoxysilane (TEOS) was obtained
Caleination - A Calcination |3 Caleination from Aldrich. For the use in preparing mesostructured cata-
\Iied‘”ﬁ"“ l Reduction l Reduction lysts, nickel (1) sulfate hexahydrate (NiS®H,0) and nickel
(1) nitrate hexahydrate (Ni(N€)2-6H20 were purchased from
Ordered mesostructured catalyst Junsei. Nickel catalysts with an ordered mesoporosity were typ-

ically prepared via a one step procedure in which the nickel
Scheme 1. The preparation method of mesostructured catalysts using: (A) coprecursor was dissolved before adding the TEOS (tetraethoxy-
ventional technique (wetness impregnation); (B) adsorption-mediating methodyrthosilicate). Briefly, for the preparation of Ni-MH, a total of
and (C) one-step procedure. 10 g of Pluronic P123, EQ-PO;o-EOyo, was dissolved in 322 g
of Millipore water. The resulting solution was mixed with 57 g

mesostructured metal catalysts can be prepared in one batadf,2 M HCI. When the polymer was fully dissolved, the metal
whereas the conventional method requires at least two steg®urce (Ni(NQ)2) was added, followed by the addition of 21 g
(i.e., synthesis of mesoporous materials + deposition of a catf TEOS. The molar ratio of nickel salt to TEOS was fixed at
alytic metal). 1:2. The mixture was stirred at 3& for 20 h. After heating at

In order to design mesostructured catalysts in a one-step pr&)°C for 24 h, the resulting solid was isolated by filtration and
cedure, it is important to understand the self-assembly of thevashed. The solid product was calcined at 460or 5 h in air.
templating agent, the silica source, and the metal ion used. IMhe final product was denoted as Ni-MH, where H is derived
addition, the effects of synthesis variables such as the courirom HCI used as an acid source. For the preparation of Ni-MS
teranion and temperature used in the assembly (specifically, i{& indicates the use of 430, as an acid), HSOy, instead of
the case of a nonionic block copolymer as a templating agentiCl, was used as an acid source. The amount £8® was
of mesostructured catalysts via the one-step procedure mudetermined on the basis of'Hi.e., pH of the solutions was con-
be examined in detail. Because we adopted solution compdrolled so asto be the same). For a comparison of mesostructured
nents that participate in the preparation of SBA-15, the selfeatalysts prepared via a one-step procedure with that via con-
assembly pathway of one-step mesostructured catalysts wh&entional wetness impregnation (post-synthesis), Ni-SBA-15W
a nickel salt is present can be tentatively expected to involvevas prepared. Before the preparation of Ni-SBA-15W, hexago-
both an electrostatic attraction betwee?HS]X ~ and NF*, nally ordered SBA-15 was prepared as described in the literature
and the complexation of Ki with the polyethylene oxide [1]. In a typical synthesis of Ni-SBA-15W, SBA-15 was treated
(PEO) fragment in PE&-PPGo-PEQy [20—22] Therefore, with an aqueous solution of Ni(N§» by the wetness impreg-
the assembly of mesostructured catalysts in one step probaation method. After drying at 10@ for 2 h, the solid product
bly is strongly dependent on the counteranion and the reaavas calcined at 450C for 5h in air.
tion temperature because the counteranion plays an important
role in electrostatic interactions and the reaction temperatur2 2. The control of counteranion and reaction temperature
controls the volume of the PEO segment in the hydrophilic
corona region. Hence, it is necessary to control both the coun- To investigate the role of the couteranion in the self assembly
teranion and the temperature for the purpose of evaluating thef Ni-MH and Ni-MS, two different acids (HCI, k504) and
self-assembly of the mesostructured catalysts via the one-stejickel precursors [NiS@Q Ni(NOs),] were used. Several differ-
procedure. ent reaction temperatures were tested to examine the effect of

In this study, we describe the preparation and charactereaction temperature on the formation of Ni-MH and Ni-MS. It
ization of mesostructured nickel catalysts, prepared via thé well known that the synthesis of SBA-15 is usually carried out
one-step method and examined on the role of both the courin two stages. The first reaction stage takes place &€3%he
teranion and the reaction temperature in the formation ofecond involves a thermal treatment (usually at@Dwhere
the resulting mesostructured nickel catalysts by varying théhe aged gel is transferred to a teflon bottle and then heated for
counteranion (charge-matching) and by appropriately adjust4 h. In the present study, the temperature at the first reaction
ing the reaction temperature. In addition, the physicochemstage (before the aging step) was varied from 35, 42 taC50
ical properties of the mesostructured catalysts are discussétkcept for the variation in the pre-stage temperature, the tem-
in detail. The catalytic performance of the mesostructuregerature of the second stage for Ni-MH and Ni-MS was fixed at
nickel catalysts in the hydrodechlorination (HDC) of 1,1,2-80°C.



T. Kang et al. / Journal of Molecular Catalysis A: Chemical 244 (2006) 151-159 153

2.3. Characterization catalysts were charged in a tubular quartz reactor and acti-
vated in a stream of hydrogen (20 ml/min) and a helium carrier

N> adsorption/desorption experiments were carried out usin@20 ml/min) at 400C for 2 h and then reduced to the reaction

a Micromeritics ASAP 2010 analyzer and pore size distributemperature (300C). The reactant was fed by a Cole—Palmer

tions were calculated using the Barrett—Joyner—Halenda (BJHjyringe pump into the reactor. The exit flow from the reac-

model on the adsorption branch. For the estimation of particléor was passed through an alkali solution trap after the reac-

size and the morphology of the as-synthesized catalysts (Ntion, to absorb the HCI produced in the reaction. GC-MS

MH and Ni-MS), SEM images of Ni-MH and Ni-MS were and GC (HP 5890 gas chromatography) analysis were car-

obtained using a Philips XL-20 scanning electron microscoperied out to determine the product distribution in the HDC

To confirm the presence of mesopore channels in Ni-MH, andeaction.

Ni-MS, transmission electron microscopy (TEM) images were

obtained on a JEOL JEM-2000EXII instrument operated a. Results and discussion

200kV. Small-angle X-ray scattering (SAXS) patterns were

collected on a Bruker GADDS diffractometer using Cw K 3.1. Characterization of as-made catalysts (Ni-MH and

radiation at 40.0kV and 45.0 mA. The nickel loading in eachNi-MS) prepared via a one-step procedure

catalyst (Ni-MH and Ni-MS) was measured by inductively cou-

pled plasma-atomic emission spectrometry (ICP-AES) on a Shi- N2 isotherms for the one-step mesostructured catalysts (Ni-

mazu ICPS-10001V instrument. The samples were reduced blyIH and Ni-MS) show irreversible type IV adsorption isotherms

temperature-programmed reduction (TPR) from room tempe¥ith an H1 hysteresis loop as defined by IUPAgQ( 1). The

ature to 900C (a ramping rate of 10C/min in a flow of 10% textural characteristics of Ni-MS and Ni-MH are summarized

H. in nitrogen at atmospheric pressure). Powder X-ray diffracin Table 1 The pore size distributions (see inseffig. 1) are

tion (XRD) patterns of Ni-MH and Ni-MS were obtained with

a Siemens D5000 diffractometer using nickel-filtered Gu K Table1

radiation. The crystalline phases in each catalyst were identiT-extural characteristics of Ni-MS and Ni-MH

fied using the Joint Committee on Powder Diffraction Standard€atalysts BET surface Pore Pore volume Nickel con-
(JCPDS). area (M/g)  diameter(nm) (cm’/g) tents(%)
Ni-MS 812 7.9 0.90 1.8
2.4. Hydrodechlorination of 1,1,2-trichloroethane Ni-MH 824 7.0 0.81 5.0
SBA-15 801 8.1 0.98 -
The hydrodechlorination of 1,1,2-trichloroethane to the vinylNi-SBA-15SW* 690 73 0.72 50

chloride monomer was carried out in a continuous fixed bed 2 This catalyst was synthesized using upper SBA-15 via incipient wetness
reactor (i.d.=1.0cm) at atmospheric pressure. The preparetpregnation.
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Fig. 1. N, adsorption/desorption isotherms of nitrogen at 77 K of: (a) Ni-MS; (b) Ni-MH; and (c) Ni-SBA-15W. (Inset) Pore size distribution of: (a) Ni-MS; (b)
Ni-MH; and (c) Ni-SBA-15W. Pore size was calculated from the adsorption branch of the nitrogen adsorption/desorption isotherm using Barrétaldogiae
formula.
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Fig. 2. Small-angle X-ray scattering patterns of: (a) Ni-MS; (b) bare SBA-15;
(c) Ni-MH; and (d) Ni-SBA-15W. The data are shifted vertically for the sake of
clarity.

narrow in the range of 6-8 nm (centered at 7.0 nm) for Ni-MH
and 7-10nm (centered at 7.9 nm) for Ni-MS. Frdmble ]

the physical properties of Ni-MS and Ni-MH are comparable
to those of SBA-15, whereas the surface area, pore diameter
and pore volume of Ni-SBA-15W are decreased as the result of
the deposition of nickel oxide (NiO) via the wetness impreg-
nation method. Direct comparisons of the pore properties of
SBA-15 with Ni-SBA-15W such as surface area and pore size
are possible because Ni-SBA-15W was prepared using a post-
synthetic method. The pore sizes of Ni-MH and Ni-MS were ‘
slightly Sm_a”e_r than th_a_t of SBA-15. It has been_ reported thaI:ig. 3. (A) X-ray diffraction patterns of: (a) Ni-MH and (b) Ni-MS. The data are
the crystallization of a silica-surfactant assembly, in the presencg,ised vertically for the sake of clarity. (B) TEM image of Ni-MH (Ni(N®

of a salt, would be expected to favor the formation of an SBA-15as nickel source).

framework having a reduced pore s[28]. The pore size of Ni-

MS (the amount of nickel is 1.8 wt.%, where wt. indicates thejn good agreement with the TEM observatioR#g( 38). From
weight percentage) is larger than that of Ni-MH (the amount ofthe extensive investigations of TEM and XRD analyses of Ni-
nickelis 5wt.%) by ca. 0.9 nm due to the difference inthe amounMH and Ni-MS, no NiO as a separate crystallite phase (i.e.,
of deposited NiO. The SAXS patterns for the prepared catalystgnsupported NiO) could be detected. The TPR profités. 4)

are shown irFig. 2 The SAXS patterns of Ni-MH and Ni-MS  of Ni-MS and Ni-MH show typical peaks (between 327 and
show a strong (1 00) reflection at 0?90 value). Two addi-
tional high order peaks for both (110) and (2 00) planes with
lower intensities with 2 values of 1.8-1.9 were also observed
for Ni-MH and Ni-MS. This indicates that both Ni-MS and Ni-
MH also have a highly ordered pore arrangement and the space v
group of Ni-MH and Ni-MS belongs tp6mm, which is char- /\v\
acteristic of a hexagonal pore structure. The decrease in (100)

intensity for Ni-SBA-15W compared with SBA-15 provides that
NiO is deposited inside the mesopore channels since the attach-
ment of materials to the surface of the mesopore channels tends
to reduce the scattering power (or scattering contrast) of the
amorphous silicate walR4,25] The XRD patternkig. 3A) of M
Ni-MH shows peaks at®@=37, 4%, 62°, 72°, and 79, which . ©)
are characteristic of NiO plane indices of (101), (102), (110),
(113) and (202), respectively. In the XRD pattern of Ni-MS, . 1 . 1 . , . ,
the intensities of each peak decrease dramatically, indicative of 0 200 400 600 800
areduction in the size of NiO because peak sharpness and inten- Temperature (°C)

sity are proportional to metal size. The size of NiO in Ni-MH, fig_ 4. Temperature programmed reduction (TPR) profile of: (a) Ni-MS; (b)
as estimated from the Sherrer equation, is about 4 nm, which i$i-MH; and (c) Ni-SBA-15W.

u)

(@)

(b)

H, consumed (a
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500 nm

Fig. 5. SEM image of Ni-MS at the edge of the aggregates. (Inset) SEM image of Ni-MS with different magnification (scale bar of inset corresppngs to 50

427°C) for reduced NiO species supported on Si@hereas branch and nickel ions. Furthermore, it would be expected
two distinct reduction peaks are observed in the case of Nithat large and divalent anion attracts metal ions more effec-
SBA-15W. The two reduction profiles of Ni-SBA-15W are ten- tively than small, monovalent anions from the standpoint
tatively assigned to the two collections of crystallites of differentof electrostatic interactions. Moreover, from order of Gibbs
particle size (separate crystallite + embedded crystallite in théee energy of formation [NiS® (—790kJ mot?) « NiCl,
mesopore channel of the suppof)g. 5 shows that both Ni-  (—307.9kJmot1)<Ni(NO3),  (—268.5kJmoatl)]  [29],

MS and Ni-MH consist of numerous rod-like particles with SO42~ would be expected to interact with Nimore strongly.
relatively uniform sizes of .um, which are aggregated into a Therefore, an alternate acid source,8@,;) was selected
macrostructure (see inset iig. 5). The strongly aggregated to investigate the effect of the counteranion ¢330 on the
macrostructure is similar to the cylindrical shapég. 5also  amount of metal loading. In spite of changing the acid source
shows that the edge (A side) of aggregates of Ni-MS and Nito H,SOq, which is divalent and has a larger ionic radius, no
MH is uniform on the sub-micron scale. For the self assemblyincrease in the amount of metal loading was observed. This
of a block copolymer and a metal ion, it has been reported thgthenomenon can be attributed to the nature of the ionization
transition metal ions such as €uand N+ form crown-ether-  of H2SOy. It is well known that BSO4 undergoes ionization
type complexes with polymeric PEO and PPO units, where thé two steps (&5 values for the 1st and 2nd step ar@ and
multivalent metal species (M) preferentially associate with 2) in aqueous solution. The 1st step is completely irreversible,
the hydrophilic PEO moieties because of their different bindingwhereas the 2nd deprotonation is quite reversible. Therefore, it
affinities for PEO and PP@26]. When the synthesis mix- can be inferred that the monovalent and smaller ionic radii of
ture contains metal ions, the modified pathway can now b&iSO;~ compared to Sg¥~ acts as an intermediating anion.
denoted as R(M"* +H")X~]I* where M* is the modifying It was observed, however, that a different counteranion by
ion, which results in branched mesopore channels. Howevechanging the nickel salt (changing from Ni(M)2 to NiSQy)

in the present study, based on the TEM images of Ni-M3eads to a significant change in the amount of nickel loading.
and Ni-MH, no branched mesoporous structure formation wa3he amount of nickel loaded on Ni-MH is slightly increased

observed. from 5wt.% (Ni(NGs)2 as the nickel salt) to 5.5wt.% (NiSO
as the nickel salt). However, the amount of nickel loaded on
3.2. The effect of the counteranion Ni-MS is increased much more from 1.8wt.% (Ni(N)Q

as the nickel salt) to 3.3wt.% (NiSOas the nickel salt).

A counteranion is more or less hydrated in the surfactanfig. 6 shows that the deposition of NiO in Ni-MS and Ni-MH
solution. More strongly hydrated ions, in general, have largeprepared using NiSgas the nickel salt clearly occursig. 6C).
ionic radii and bind less tightly to the head group of the Therefore, it can be concluded that altering the counteranion
surfactant. It is well known that the aggregation numberto the larger, divalent Sg3~ results in an increased nickel
or the ionic radii decreases in the following ord@7,28} loading for both Ni-MH and Ni-MS and that this is the result
%5042— >Cl~>Br~>NOs". It is assumed that large anions Of enhanced electrostatic interactions. However, the differences
contribute to the partial reduction in electrostatic repulsionin the extent of increase in the amount of nickel loaded on
between the positively charged polyethylene oxide (PEONI-MH and Ni-MS suggest that the self-assembly routes for
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Fig. 6. TEM images of (A) Ni-MH and (B) Ni-MS prepared using Ni$&s nickel source (synthesis temperaturé@p (C) Schematic diagram of NiO located on
the surface of the mesopore channel.

Ni-MH and Ni-MS are different. It would be expected that stage (aging step). In a recent paper by Ruthstein §2[33]

the driving force for the assembly between metal ion’{Ni  on the formation of SBA-15 using EPR spectroscopy, it was
and the templating agent (PE&PPGo-PEQy) in the one  reported that after 20 min of reaction, the EO chains have a dif-
step procedure involves electrostatic interactions througfierentenvironment, which can be attributed to their being located
SPH*X—(I* or M™), in which the inorganic precursor*l  either in the micellar corona or in the micropores respectively.
and nickel ion acts as a competing cation and complexatioin addition, they found that the hexagonal structure appears 2 h
through $M”* [26], in which a PEO fragment in%Sappears  after the beginning of the self-assembly of the surfactant and
to play a critical rolg[30]. The fact that the amount of nickel TEOS, as evidenced by EPR spectroscopy experiments. In other
loaded on Ni-MH (HCI as the acid source) is independentvords, the assembly of the surfactant and the silica precursor is
of the choice of nickel salt and that chloride anion {El complete within a few hrs. Hence, it would be expected that
plays a vital role in the interaction between the PEO brancltontrol of the reaction temperature in the initial stage before
and the transition metal iof26], in turn, suggests that the aging (temperature of 8@) would be a crucial determinant of
assembly of Ni-MH occurs dominantly through complexationthe amount of metal loaded and the pore structure in mesostruc-
between PEO and nickel ions. It can be also inferred that thaured catalysts produced via the one-step procedure. When the
self assembly of Ni-MS follows a dominantly electrostatic reaction temperature in the initial stage is increased from 35 to
pathway, based on the fact that changing the nickel salb0°C, a decrease in the amount of metal loading of both Ni-MH
results in a drastic change in the amount of nickel loaded omand Ni-MS is observed. The amount of nickel loaded on the
Ni-MS. Small anions contribute to the partial reduction in theNi-MS was decreased slightly from 3.3 (at 35) to 3.1 wt.%
intramolecular electrostatic repulsion between the positivelyat 50°C). However, the amount of nickel loaded on the Ni-MH
charged repeating units {8") more effectively than larger decreased significantly from 5 (at 38) to 1.9 wt.% (at 50C).
anions. Hence, it is understandable that the larger aniorThisresult (strongtemperature-dependent behavior of the nickel
SO4?~, hinders the formation of a crown-ether-type confor-content in Ni-MH) is in agreement with the previous assump-
mation of the PEO fragment due to the stiffness of positivelytion. Such a decrease in the amount of nickel loading for Ni-MH
charged PEO chain (in strongly acidic solution), similar to ais closely related to the micellar structure, which varies with

polyelectrolyte. temperature. In general, as the temperature of a micellar solu-
tion increases, the PEO blocks become hydrophobic, resulting
3.3. The effect of synthesis temperature in an increased volume of hydrophobic domain. This indicates

that the sites (PEO fragment) available for interaction withNi
If the assumption that the prevailing self assembly routeg'® diminished. Therefore, it is understandable that the amount

between N&* and a block copolymer are electrostatic for Ni- of nickel loaded on Ni-MH is inversely proportional to the
MS and involve complexation by PEO for Ni-MH (aided by temperature.

Cl~ anion) is operating, it would be expected that the amount of

nickel loading should be strongly affected by the synthesis tem3.4. Morphology control of Ni-MH and Ni-MS

perature, since the distribution of PEO within the micellar struc-

ture of PEQ-PPQ-PEQ,; is critically dependent on temperature ~ When the pre-stage temperature was varied, the particle mor-
[31]. Itis well known that in a typical synthesis of SBA-15, alow phologies were found to be highly sensitive to the synthesis
temperature stepis followed by a high temperature hydrothermaémperature used, even in a narrow region (35650 It has
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Fig. 7. Representative scanning electron micrographs (SEM) of: (A) Ni-MH &aE3&nd with magnification (B). SEM image of (C) Ni-MH synthesized atG0
and with magnification (D). Scale bars correspond to 25, 1, 10, andn2, 5espectively.
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Fig. 8. TEM images of Ni-MH at: (A) 50C and (B) TEM image of (A) at a different zone axis. The scale bars correspond to 20 nnm &dsdiption/desorption
isotherm of nitrogen at 77 K corresponds to Ni-MS prepared aC5@rrows are indicative of plugged pore structures.
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been reported that the shape of mesoporous silica powder pat5. Catalytic activity for hydrodechlorination of
ticles is controlled by several complex factors including thel, 1,2-trichloroethane
condensation rate of the silica species, the shape of the surfac-
tant micelles, the concentration of inorganic salts, and the rate of As-synthesized mesostructured catalysts (Ni-MH and Ni-
stirring[34—36] Fig. 7 shows the transitions in the morphology MS) were tested in the hydrodechlorination of 1,1,2-
of Ni-MH as a function of reaction temperature. As the reac-richloroethane as a model catalytic application. In such a
tion temperature increases, uniform spherical particles (ratheratalytic systemKig. 9a), the yield of the more useful unsat-
than rod-like shape) are produced. The morphologies of bothrated hydrocarbon serves as a measure of catalytic perfor-
Ni-MH and Ni-MS prepared via the one step procedure can benance[40,41] As shown inFig. 9, Ni-MS and Ni-MH show
manipulated so as to produce either rod-like or spherical partimuch higher catalytic acitivities than the mesostructured catalyst
cles. The control of catalyst morphology is important, becaus@repared by multi-step wetness impregnation (Ni-SBA-15W).
in actual industrial applications, particle packing, which mainlyFurthermore, the yields of VCM, the most desirable product
depends on particle morphology, plays a crucial role in catalyti¢because of its recyclable nature) for both Ni-MS and Ni-MH
performance. are also higher than Ni-SBA-15W by over 25% (Ni-MS). It
TEM images reveal that the increase in reaction temperashould be noted that the trend is still maintained after 10h
ture results in a more curved mesopore charffigl.8A shows  (time on stream). It should be noted that catalytic performance
that representative U-shaped mesopores are present in both iich as VCM selectivity, yield, and a steady reaction activity
MS.and Ni-MH prepared at 5@C. Nonetheless, the pores are are dependent on a variety of variables including the status of
still hexagonally arranged as would be expected for a matethe adsorption sites, pore connectivity, and the ensemble effect.
rial synthesized at 38C (Fig. 8B). It has been suggested that Hence, in order to assess the catalytic activities of Ni-MS and
a slower condensation rate (such as that for TEOS) yields Wi-MH in the HDC reaction more specifically, further studies
more curved rope-like SBA-15 morpholo§7]. These results are currently underway.
indicate that the control of the pre-stage reaction temperature
affects the pore curvature of Ni-MH and Ni-MS on a meso-scale4. Conclusions
The major difference between one-step mesostructured catalysts
synthesized at lower temperature (8 and higher tempera- A facile and rapid synthesis using different acid sources
ture (42°C and 50C) in N2 adsorption/desorption isotherms including nickel salts and initial stage reaction temperatures for
(Fig. 8C) is that the hysteresis loop does not end after capillarghe preparation of mesostructured catalysts is described. Ni-MH
actions and capillary evaporation occurs in two-step processesd Ni-MS were prepared using different acid sources (HCI or
that feature the second desorption branch formed at a lower reH,SOy) and nickel precursors (NiSQor Ni(NOs)2), respec-
ative pressure. It has been reported that this type of two-stejively. The results show that both Ni-MH and Ni-MS have
branched desorption isotherm arises from plugged mesoporesceptable structural characteristics such as alignment (space
[38,39] group, p6mm) and uniform mesoscopic channels except that
the shrinkage £1 nm) of the pore size of Ni-MH occurred
and the size of the nickel particles in Ni-MS is smaller than
in Ni-MH. The deposition of NiO in Ni-MH was found to

Desired product

H [ occur along the mesopore channel. Changing the nickel pre-
‘ ‘ LN\ Ve ; % / cursor from Ni(NQ)2 to NiSOy results in an increase in the
H Ho—n ,: — | —— == amount of nickel loaded on both Ni-MS and Ni-MH. How-
‘ : 7 \ | # \.\ ever, we conclude that the morphologies of the mesostructured
oo« N | catalysts, prepared in one step are less dependent on the coun-
(a) TCEa VCM Ethylene teranion present. The increase in nickel content can be tentatively

explained by enhanced electrostatic interactions between nickel
ion (Ni?*) and the counteranion in the case of NiS3 a nickel

W Conversion
B Selectivity salt, which is in a good agreement with thermodynamic data
O VCM yield (the Gibbs free energy of the formation). The dependence of

both counteranion and temperature on nickel loading can be

clearly understood by assuming that the self-assembly of Ni-
MH and Ni-MS probably involves an electrostatic pathway and
complexation between a polyethylene oxide branch in P123

%

and NF*. The findings herein suggest that the prevailing self-
; assembly route involves electrostatic interactions for Ni-MS,
(b) Ni-MS Ni-MH Ni-SBA-15W and coordination by PEO for Ni-MH. The morphologies of the
mesostructured catalysts prepared in one step can be manipu-

Fig. 9. Proposed scheme: (a) for the selective hydrodechlorination of l’l’zl'ated s0 as to produce uniform rod-like forms or uniform spher
TCEa to VCM over nickel catalyst® (not drawn to scale) and representative | P p

catalytic performances and (b) of Ni-MS, Ni-MH, and Ni-SBA-15W after 6h iCal particles by varying the reaction temperature appropriately.
of use. As the reaction temperature increases, both Ni-MH and Ni-MS
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appears to adopt a more curved shape from both the meso and] H.S. zZhou, H. Sasabe, I. Honma, J. Mater. Chem. 8 (1998) 515.
macroscopic view. In addition, the findings herein also suggegts] M. Kruk, R. Ryoo, S.H. Joo, M. Jaroniec, J. Phys. Chem. B 104 (2000)
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dure will have practical importance because a one-step method Frei, P. Alivisatos, G.A. Somorjai, Chem. Mater. 15 (2003) 1242.
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