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1 During the past few years, a number of
microporous and mesoporous layered aluminosili�
cates have been developed as catalysts [1–3], due in
part of their catalytic and molecular sieving properties.
Probably the most popular of these systems are the so�
called pillared intercalated clays. In general, pillaring
is achieved by the intercalation of bulk inorganic
(polyoxocations) [4–6] or organic precursors (metal
alkoxides) [7–8] between the interlayers of clays. Pil�
laring processes involving metal alkoxide are facili�
tated by using of pre�swelling step, whereby the inter�
layer is exposed to quaternary ammonium [9–12]. In
the present study, H�montmorillonite–octylamine–
tetraethyl orthosilicate–Ni intercalation compounds
were produced via one�step method. In this intercala�
tion compound, the long chain amine octylamine
appears to act as a gallery height expander and a base
catalyst during tetraethyl orthosilicate (TEOS)
hydrolysis and as ligands for nickel species. The inter�
layer pillared structure was systematically investigated
by termogravimetry–differential thermal analysis
(TG–DTA), X�ray diffraction (XRD), BET and trans�
mission electron microscopy (TEM), along with a pre�
liminary test of the hydrogenation catalytic activity.

EXPERIMENTAL

Materials

Tetraethyl orthosilicate, hexahydrate nickel nitrate
and octylamine were purchased from Shanghai

1  The article is published in the original.

Chemical Reagent Company. All chemicals were of
analytical purity and used without further purification.
Ca�montmorillonite was purchased from the third
Bentonite Chemicals Factory of ZheJiang province.

Synthesis of NiO–SiO2–sol Pillared Montmorillonite

In the first step, H�montmorillonite was obtained
by the ion exchange of Ca in montmorillonite by H+

using 0.1 N HCl solution. Ca�montmorillonite (2 g) in
deionized water (200 ml) was titrated slowly with 0.1 N
HCl solution to a final pH 2.0 and then maintained at
this value for 24 h. H�montmorillonite was recovered
by filtering, washing with deionized water (until Cl–,
free) and drying in air at 60°C. In the second step, the
pillaring solution was obtained by mixing octylamine
(4 ml), TEOS (4.5 ml), and Ni(NO3)2 · 6H2O (1.6 g)
together. H�montmorillonite (2 g) was mixed with the
pillaring solution for an 1 h and 10 ml deionized water
was added to get a gel. The gel was dried at 70°C and
calcinated at 550°C for 2 h to give the NiO–SiO2–sol
pillared montmorillonite.

Characterization

A simultaneous thermogravimetry�differential
thermal analysis was performed on a TG/DTA PYRIS
DIAMOND with a heating rate of 10°C/min under an
ambient atmosphere. The crystallinity of the sample
was evaluated by powder X�ray diffraction patterns
obtained on an X�ray diffractometer (“Bruker D8
Advance”) with CuK

α
 radiation under operation con�
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ditions of 40 kV and 40 mA in the range 3° ≤ 2θ ≤ 80°.
Transmission electron microscopy images were taken
using JEM�2010 (HR). Surface areas and porosities
were determined from the adsorption�desorption iso�
therms of N2 at 77 K after degassing the samples at
393 K with a micromeritics ASAP 2020 apparatus.

Catalytic Activity

The hydrogenation of benzene was applied to eval�
uate the catalytic activity of the catalysts. The hydro�
genation reaction was carried out in a microreactor
(stainless steel U�shaped tube with inner diameter
4 mm) under atmospheric pressure. Hydrogen was
employed as reductant gas and as carrier gas. The cat�
alyst was reduced in situ under the hydrogen flow
(30 ml/min) at 673 K for 2 h before the reaction was
performed. A volume of 1 µl benzene was injected into
the reactor containing 0.1 g catalyst each time. The
product and reactant were analyzed by an on�line gas
chromatograph equipped with thermal conductivity
detector and data integrator. For comparison,
γ�Al2O3–supported NiO catalyst with the same nickel
loading was also prepared using the impregnation
method.

RESULTS AND DISCUSSION

TG�DTA Analysis

TG and DTA curves for the air�dried gel are shown
in Fig. 1, three�step weight losses were observed in the
TG curve. The initial weight loss occurring below
100°C with a weak endothermic peak in the DTA
curve can be assigned to desorption of water. The large
weight loss in the temperature range of 180–400°C
with an intense exothermic peak corresponded to the
elimination of the organic matter (octylamine and
residual ethyloxy groups from TEOS) between silicate

layers. At higher temperature, an additional progres�
sive weight loss with a weak endothermic peak at
around 640°C can be attributed to dehydroxylation
processes, both of the clay and the porous silica. An
appropriate calcination temperature can be suggested
as 550°C to remove the organic moieties completely.

XRD Patterns

The powder XRD patterns of pristine Ca�montmo�
rillonite and NiO–SiO2–sol pillared montmorillonite
are shown in Fig. 2. The XRD patterns of montmoril�
lonite generally show basal 001 reflection and two
dimensional diffraction hk only; other hkl diffractions
are usually not observed [13]. The NiO–SiO2–sol pil�
lared montmorillonite does not exhibit 001 reflec�
tions, indicating the delamination of the aluminosili�
cate layers [14]. The peaks at 2θ = 37.7°, 43.7°, and
63.3° could be readily assigned to (111), (220), and
(311) lattice planes of cubic NiO crystals respectively
(JCPDS78�0643). These peaks are rather broad, indi�
cating that NiO crystals existed with nanosize.

TEM

According to TEM micrographs, as expected, the
lamellar clay layers were delaminated and crystalline
NiO particles were dispersed evenly in the matrix,
which had an average diameter of 8 nm. The structure
of the NiO nanoparticles was further confirmed by
selective area electron diffraction (SAED) as shown in
Fig. 3.

N2 Adsorption�Desorption Isotherms

Figure 4 shows the adsorption�desorption iso�
therms of nitrogen for pristine montmorillonite and
NiO–SiO2–sol pillared montmorillonite. All these
isotherms can be classified as the BDDT�type IV
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Fig. 1. TG and DTA curves of NiO–SiO2–sol pillared
montmorillonite precursor.
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Fig. 2. XRD patterns of montmorillonite (1) and NiO–
SiO2–sol pillared montmorillonite (2).
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shape with a hysteresis loop, whose features corre�
spond to type B in Boer’s five types representing the
presence of open slit�shaped or cylindrical pores
formed in gallery regions [15]. The nitrogen uptake of
NiO–SiO2–sol pillared montmorillonite is substan�
tially higher, compared with that of the pristine mont�
morillonite. The large hysteresis of the NiO–SiO2–sol
pillared montmorillonite indicates more mesoporos�
ity, implying that the elimination of the organic moiety
giving rise to mesopores in the interlayers. The values
of BET specific surface areas, the t�plot external sur�
face areas, the total pore volume of N2 adsorbed at rel�
ative pressure  (Vtot) and microporisity
volume (Vmic), deduced from the t�plot, are listed in
table. The pillared sample has higher SBET arid Vtot

compared with the values of the pristine montmorillo�
nite, which can be attributed to the micro� and meso�

=0 0.98P P/

porous structure of the NiO–SiO2–sol pillared mont�
morillonite.

Catalytic Activity

Cyclohexane is found to be the only product for all
the catalysts in the activity test, implying that the
selectivity of benzene hydrogenation under the reac�
tion temperature is almost 100%. The catalysis exper�
iments revealed that in the reaction temperature range
of 140–220°C, the catalytic activity of benzene hydro�
genation over the NiO–SiO2–sol pillared montmoril�
lonite catalyst is higher than that over the γ�Al2O3–
supported Ni catalyst. The benzene conversion rates
as a function of reaction temperature over the catalysts
are shown in Fig. 5.

Thus, NiO–SiO2–sol pillared montmorillonite
was synthesized using a novel method. Tetraethyl
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Fig. 3. TEM photographs (a–c) and SAED pattern (d) of NiO–SiO2–sol pillared montmorillonite.

      
Textural characteristics of pristine MMT and NiO–SiO2–sol pillared montmorillonite

Sample SBET, m2/g Sext, m
2/g Vtot, cm3/g Vmic, cm3/g

Pristine montmorillonite 80 73 0.103 0.015

NiO�SiO2�sol pillared montmorillonite 554 107 0.626 0.383
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orthosilicate and Ni2+ were intercalated into the inter�
layers of H�montmorillonite simultaneously with the
intercalation of octylamine. Interlamellar hydrolysis
of TEOS catalyzed by octylamine resulted in the silox�
ane�pillared montmorillonite. A microporous and
mesoporous NiO–SiO2–sol pillared montmorillonite

was obtained after removing the organic compounds at
550°C. The nitrogen adsorption�desorption isotherms
for the pillared samples revealed that a large number of
micro; and mesopores were created between the sili�
cate layers, giving rise to a large surface (554 m2/g).
The catalytic activity of benzene hydrogenation over
the NiO–SiO2–sol pillared montmorillonite catalyst
was higher than that over the γ�Al2O3–supported Ni
catalyst. 
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Fig. 4. N2 adsorption–desorption isotherms of pristine
montmorillnite (1) and NiO–SiO2–sol pillared montmo�
rillonite (2).
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Fig. 5. Benzene conversion rate over Ni/γ–Al2O3 (1) and
NiO–SiO2–sol pillared montmorillonite (2).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


