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Abstract—Mesoporous duminas, X-MAs (X=Na, Mg, and Ni) were prepared using stearic acid and its sdts as tem-
plates. Sodium stearate, which is more soluble than stearic acid, was an effective template for preparing Na-MA. The
characteristics of Mg-MA prepared using cogt-effective template (magnesum stearate) were similar to those for an
MA prepared using stearic acid. Mg ions were easily exchanged with Ni ion by treatment with an acid or base. Thus,
nickel incorporated adumina (Ni-MA) could be directly prepared using nickel stearate, which was acting as a chemical
template and a metal source. The MA and X-MAs had a similar pore size (3.6 nm), a narrow pore size distribution
(Dewni~1 nm), and a y-alumina phase. In addition, bimetalic Ni-MAn cataysts were prepared and applied to the partid

oxidation methane as a potential application.
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INTRODUCTION

Activated dumina (AA) is frequently used as a catalyst support
or adsorbent in indudtrid gpplications. The discovery of mesopo-
rous slica led to intensve ressaerch on the design of mesoporous
materias and its applications [Corma, 1997]. Because mesoporous
adumina (MA) has sponge-like pore structure and uniform pore Size,
it is preferred to AA for use in cataytic reactions and adsorption
process [Kim and Yi, 2004].

lonic surfactants (carboxylic acid and sodium dodecyl sulfate)
[Yadaet d., 1997, Catbreraet d., 1999 or neutrd surfactants (Tergi-
tol and Pluronic) [Bagshaw and Pinnavaia, 1996] are normally used
as chemicd templates in the preparation of MA. In this sudy, MA
was prepared using stearic acid, and the pore properties of the prod-
uct were controlled by the water content, cacination conditions,
the molar ratio of surfactant to precursor, and the use of ether apre-
or pog-hydrolysis [Kim et d., 2002]. MA prepared via the pogt-
hydrolysis method showed alarge surface area (300-500 nv/g) and
the pore Sze didribution was highly uniform (Dey,<1 nm). Nickd
catalysts supported on MA had alow deactivation and high sdec-
tivity compared with thase for AA in aHDC reection (hydrodechlo-
ringtion) [Kim &t d., 2003b] and POM (partid oxidation of methane)
[Kim et d., 20044]. In addition, cacined MA proved to be a very
effective adsorbent for the remova of arsenic from agueous solu-
tions[Kim et d., 2004b].

Sodium hydroxide is used to dissolve the gearic acid in the prep-
ardtion of MA, since gearic acid isinsoluble in the dcohol phase
a room temperature. However, sodium stearate, in which the car-
boxyl group isin the sodium sdt form, has a greater solubility. To
examine the possibility of usng Searic acid slts as atemplate, so-
dium stearate was used in the preparation of NaMA. Wheress its
olubility is excellent compared with thet of stearic acid, the cogt of
rav materid is gpproximately double that of stearic acid. Magne-
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sum gearaeis very low in cogt and its solubility is Smilar to that
for sodium gearate. Because of this, Mg-MA was prepared by us-
ing this At aswell [Kim et d., 20034]. It is noteworthy that other
Searic add sdts might a0 be useful as chemicd templatesfor pre-
paring X-MAs When magnesum Searate was tregted with the tar-
get metd precursor in either acidic or basic solution, magnesum
ions were exchanged with precursor metd ions due to the differ-
ence in the formation energies of chloride or hydroxide sdts. For
example, nicke gearate could be prepared by exchanging nicke
for magnesum, and was used to prepare Ni-MA. After reduction
in the presence of hydrogen, reduced Ni-MA catdyst could be used
in POM reection.

EXPERIMENTAL

1. Preparation of MA using Stearic Acid

In previous studies, we reported on some synthetic Strategies for
preparing MA using pre- and post-hydrolyss procedures [Kim et
a., 2002, 2003c]. The pre-hydrolyzed aluminum precursor in the
pre-hydrolysis method formed an aggregated auminum sol, leading
to the production of a poorly organized MA [Vdange et d., 2000].
Wheress the post-hydrolyzed auminum precursor, produced by
pogt-hydrolyss, resulted in well ordered MA. Thus, the pogt-hydro-
lyss method was sHected for preparing the MA. Stearic adid (C;H
COOH, Sigma) was used as an anionic surfactant, and aluminum
sec-butoxide (Fluka) was used as the duminum precursor. To en-
hance the solubility of stearic acid in acohal phase, sodium hydrox-
ide was used. The duminum precursor and surfactant were dissolved
in sec-butyl dcohal and one with sodium hydroxide, respectively,
and the two solutions were then mixed.

Smdl amounts of water were dowly added dropwise to the mix-
ture a arate of 1 ml/min. This resulting suspendon was irred for
an additiond 24 hr. The pH of the reactant solution was adjusted
by the addition of 1M HNO, solution. The product was dried a
room temperature for 48 hr. The resulting mterids were cacined for
3hr a 450°C in ar. The molar ratio of the mixture was 1 Al(sec-
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BuO);: 0.2 C;;H;COOH : 0.04 NaOH : 5 52c-BuCH : 4-8 H,O.
2. Preparation Na-MA using Sodium Stearate

The procedure was the same as that used in the preparation of
MA except sodium gearate (C;HCOONa, Huka) was used in
the organic phase. The molar ratio of the mixtures were 1 Al(sec-
BuO), : 0.2 C;;HCOONa: 5 s2c-BuOH : 4-8 H,0.
3. Preparation of Mg-MA using Magnesum Stearate

The magnesium sdt of gearate acid ((C;HCOO),Mg, Riedd-
De-Héen) has one head group with two tail groups and is 125 times
chegper than gearic acid. The molar ratio of the mixture was 1 Al
(sec-Bu0Q), : 0.1 (C;HCO0),Mg : 5 s5c-BuOH : 4-8 H,0.
4. Preparation of Ni-MA using Nickel Stearate

The magnesium ion of magnesum stearate can be used as a sub-
ditute for the nickd ion of nickd nitrate by trestment with NH,OH,
resulting in the formation of nickd searae ((C,;Hx=COO),Ni). The
product was then separated by centrifugation at 4,500 rpm. The solid
fraction, isolated from the NH,OH-tregted reactant by filtration, was
used as both a chemicd template and a metd source. The molar
ratio of this reaction mixture was 1 (C,;Hx:COO),Mg: 1 Ni(NO5),
6H,0: 1-8 NH,OH : 40 sec-BuOH. The procedure for the prepara-
tion of Ni-MA wasthe same astha of MA. The molar ratio of this
reaction mixture was 1 Al(sec-BuO), : 0.1 (C,;H;COO),Ni : 5 sec-
BuOH : 4-8H,0.
5. Potential Application: Partial Oxidation of Methane

The cataytic activities of the Ni-MA cadyss were examined
in afixed-bed gpparatus a amospheric pressure. Each calcined cat-
ays (200 mg) was charged in atubular quartz reactor and pre-re-
duced with a mixed stream of hydrogen (10 ml/min) and nitrogen
(20ml/min) asthe carrier gas at 700°C for 4 hr. A mixed feed of
CH, (10min™) and O, (5min™) was then continuoudly fed into the
resctor together with the N, carrier gas (20min™?). The feed ratio
of the CH,/O, was maintaned a a stoichiometric ratio of 2. The
products were andyzed by gas chromeatography usng a TCD detec-
tor. Argon and Carbosphere (60/80 mesh) were used as a carrier
gesand asacolumn materid, respectively.
6. Char acterizations

N, adsorption/desorption anayses were carried out with aMicro-
meritics ASAP 2010 andlyzer, and powder X-ray diffraction (XRD,
M18XHFSRA, MAC/Science) patterns were recorded to deter-
mine the degree of crygdlinity of prepared samples. The porosty
of the MA was characterized by transmission eectron microscopy
on a JEM-2000EXI1 instrument. Al MAS NMR spectra were ob-
tained on a Vaian-Inova spectrometer (300 MHZ) a a MAS fre-

quency of 6kHz.

RESULTS AND DISCUSSION

1. Template Effects of X-MAs

Searic acid and its sdts have different solubility in an dcohol
phase. Stearic acid sdts such as sodium Searate are easily disolved
in an acohal. Thus, avariety of gearic acid sdts (i.e, sodium sea
rate, magnesum stegrate, and nickel segrate) was sdected astem-
platesin this sudy. As shown in Fig. 1, FT-IR results suggest that
the mechanism of formation of the product is the same, irrespec-
tive of whether Segric acid or At is used. The asmade MA showed
a grong band a 1,335-1,440 cm™ asdgned to symmetric -COO
stretching, and aband at 1,550-1,650 cm™* assigned to asymmetric
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Fig. 1. FR-IR spectra of non-calcined (a) MA, (b) Na-MA, (c) Mg
Ma, and (d) Ni-MA.

-COO" dgretching (Fig. 1(@). This spectrum was dmost the same
asthat for asmade NaMA (Fig. 1(b)). This indicates thet the car-
boxyl group (-COOH, 1,700 cm™) of searic acid was tranformed
into a carboxylic sdt (-COO") in the solvent, after which the sdts
might have been combined with the aluminum precursor. The mech-
anism involved is smilar to the mediated pathway through charge
matching (S M*17) when mesoporous dlica is prepared usng an
ionic surfactant [Huo et d., 1994]. Therefore, different sdts, such
as magnesium gearate and nickd stearate, can be used equaly as
wdl as chemicd templatesfor MA viaacharge metching pathway
as evidenced by FT-IR. In fact, the FT-IR spectra of assmade Mg-
MA and Ni-MA were the same as those of asmade MA and Na-
MA.

However, the cogt of sodium Searate istwice that of Stearic adid.
This high cogt of templatesis undesirable in terms of industrid ap-
plications Magnesum Searate is 125 times chesper aswel asmore
oluble than stearic acid. The mechaniam of formation of Mg-MA
appearsto be smilar to thet of NaaMA, and an Mg-MA samplewith
3.5 nm pores could be successfully synthesized. It should be noted
that the preparation of Mg-MA using an inexpensive template is
feasible for mass production for industrid gpplications.

In acataytic reaction such as HDC and POM, anickd catdyst
upported on MA was used [Kim et d., 2003b, 20044]. When nickel
dearate was used as achemicd template aswdl asanickd source,
aNi/AlLO; cadys could be eesily produced without any additiona
meta impregnation step. Because the heat energy of Mg(OH), is
higher than that of Ni(OH), (Table 1), nickd stearate was prepared
by the exchange of magnesium ions in magnesum earate with
nickd ions, usng an NH,OH treatment. In addition, nickel Seerate
was obtained by trestment with HCI due to the low heat of forma-
tion energies of MgCl, compared to NiCl, [Kim et d., 2003d]. Ni-
MA with a dightly increased pore (3.8 nm) was prepared by using
this procedure. The nickd in Ni-MA was directly incorporated into
the duminaframework. The nickd and magnesium contents of Ni-
MA were dependent on the initid metd contents, and, in atypica
sample, were 8 and 2 wt%, respectively. The magnesium content
could be decressed to below 1 wt% by repested purification. The
ratio of nickd and magnesum was adjusted by dtering the initid
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Table 1. Heat of formation data for chloride and hydroxide salts
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Chloride form salts MgCl, NiCl, CoCl, CuCl, PtCl,

Hydroxide form salts Mg(OH), Ni(OH), Co(OH), Cu(OH), Pt(OH),

AH (kca/mol) -153 =75 -76 -48 -34
-221 -129 -131 -108 -87

molar ratio of magnesum searate to the nickd precursor. Ni-MAnN
with different metd ion ratios (Ni/Mg=7.4/2.3, 7.6/7.1 and 7.8/15.8
for Ni-MA1, Ni-MA2, and Ni-MAS3, repectively) were tesed in
the POM reection as a poterttid gpplication.

Other gearic acid sdts could dso be prepared by the exchange
of metd ions with magnesium ions basad on thermodynamic deta
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(Table1). Namdy, Co-MA, Cu-MA, and P-MA could be prepared
using cobdlt, copper, and plainum Searate, respectively.
2. Pore Properties of MA and X-MAs

As shown in Fg. 2 and Table 2, the mesodtructures of the MA
and X-MAs (X=Na, Mg, and Ni) prepared with gearic acid and its
sdts were somewhat different. The N, adsorption/desorption iso-
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Fig. 2. N, adsor ption/desor ption isotherms of (a) MA, (b) Na-MA, (c) Mg-MA, and (d) Ni-MA.

Table 2. Pore properties of the prepared mesoporous aluminas
Sample Template/cost ratio D (nm) Dewnd” (NM) Sier (MP/g) V, (cm*qg)
MA C,;H;sCOOH/1 3.49 0.89 485 0.50
NaMA C,;H;;COONa/2 3.59 1.09 241 0.29
Mg-MA (C,;HCO0),Mg/0.008 3.56 103 311 0.31
Ni-MA (C,HCO0),Ni/0.015" 3.80 0.78 399 0.64

*Price of nickel stearate=price of (magnesium stearate+nickel nitrate).

°Full width at half maximum of pore size distribution.

Korean J. Chem. Eng.(Val. 22, No. 2)
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therm was atypica type of 1V isotherm and an H, hysteresis loop,
indicating mesoporous porogity. The framework porosity a 0.4-
0.7 PP in the N, isotherm indicates thet the porosty is contained
within the uniform channds of the templated framework, while the
texturd porosty a 0.8-1 P/P isindicative of aporosty arisng from
non-crystaline intra-aggregate voids and spaces formed by inter-
patide contacts MA and Mg-MA had a mainly framework po-
rogty, while NaMA and Ni-MA showed both framework and tex-
turd porodty. It might be due to the effect of different cationsin
head group of templates. Therefore, the pore properties of MA and
X-MAs are dffected dightly by the type of surfactant used (Teble
2). However, both MA and X-MAs have a smilar pore Sze (3.6
nm) and narrow pore sze digribution (Deyy~1.0 nm). Because
the akyl chain length of the surfectants is identical, the pore szes
are essentidly the same. In addition, the pore uniformity and the
urface area of the X-MAs are superior to thet for AA, which shows
anirregular pore distribution and asmall surface area(ca 100 nv/g).

Inlow angle XRD patterns for mesoporous duminas, only one
pesk gppeared a 26 between 0.5-3 (Fig. 3). The generation of X-
ray pesks results from a difference in the scattering power (or scat-
tering contrast) between two building blocks (amorphouswall, and
pore channel contained with ar and helium) of mesoporous mate-
rids. This indicates that the mesoporous duminas have different
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Fig. 3. Low angle XRD patter ns of mesoporous aluminas.

pore sructures compared to hexagona mesoporous Slicas such as
MCM-41 or SBA-15, which exhibit three pegks a 26 between 0.5-
5°. Thus, the mesoporous duminas prepared here have a sponge-
like pore chennd sructure with arandom pore distribution, wheress
MCM-41 hasa 1D cylindrical pore structure with a highly regular

Fig. 4. TEM images of (a) MA, (b) Na-MA, (c) Mg-MA, and (d) Ni-MA.

March, 2005
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Fig. 5. XRD patternsof (&) MA, (b) Na-MA, (c) Mg-Ma, and (d)
Ni-MA.

pore digtribution. These results are condstent with the following
TEM dataasshownin Fg. 4.

In dl of the MA and X-MAs, the developed framework pores
hed a sponge-like gopearance, which confirms the advantage of hav-
ing an interconnected pore system. A similar pore morphology was
found for disordered mesoporous slica (i.e, HMS type) and au-
minas when ionic or neutrd surfactants were used in thelr prepara:
tion. An interconnected pore Sructure has the advantage of a re-
duced diffuson limitation and an enhanced molecular accessibility
to active siteson theinner surface [Kim et d., 2004c].

3. Phase Determination of MA and X-MAs

Aluminas have avariety of crydaline structures and show three
mgjor pesksin the spind gructure of MA, as shown in Fg. 5. The
aubic spind structure (spece group, Fd3m), usualy denoted as AB,O,,
possesses an fee sublattice of oxygen ionswith A and B cations oc-
cupying thetetrahedrd (Al'Y) and octahedrd (AIY) interstices [Wolver-
ton and Hass, 2001]. In addition, unoccupied tetrahedrd and octa
hedrd interdtices of the oxygen sublattice are present. Thetotd retio
of cation to anion for the spind sructuresis 3: 4, and thus creeting
an AlLO; phase (cation : anion=2: 3) in the spind dructure that ne-
cessitates the creation of vacancy defects on the cation sublattice.
Among the various aumina phases, y, - and d-duminas have Si-
ndl Sructures.

XRD patterns of MA and X-MAs typicdly show the character-
igic peeks of ectivated dumina The pettern for Mg-MA wassmilar
to that of MA, while the pegks were |eft-shifted and the width of
the pegks became narrow without any magnesium pesks. Thiswas
dueto the different ionic radius of magnesum ions and the charac-
terigtic pesks of the magnesium spind structure, which were over-
lapped with those of the activated dumina phase. Theionic radii of
sodium (Na') and magnesium (Mg?*) are 0.97 A and 0.66 A, respec-
tively. In NaMA, no sodium ions penetrate into the interior of the

Table 3. Al MASNMR data for mesoporous alumina

v
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@
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Fig. 6. “ZAl MASNMR spectra of (@) MA, (b) Mg-MA, and (c) Ni-
MA.

gructure, namely, the cation vacancy of the surface, because of its
largeionic radius Asaresult, it was likely that sodium was present
only on the surface of the NaMA, and nat on theinside of the crys:
td. Because of this, sodium ions were easily removed by washing,
while magnesium ions were able to penetrate into the interior of
the dructure. Mg-MA forms a crystdline structure that contains
magnesium. Because the ionic radius of magnesium is larger than
that of auminum, magnesium within an dumina sructure expands
the lattice parameter of Mg-MA, fallowed by aleft-ghift in the XRD
peek. In addition, magnesium ions occupy the cation vacancy and
reinforce the sructure of duming, and, as a result, the pesk width
isnarrowed.

The y+ and n-duminas generdly exist as spind duminabecause
ther gructures are very closdy rdated to that of Mg spind (Mg
Al,Q,). The XRD patterns of both activated auminas are smilar,
and it is not easy to digtinguish the phase. Therefore, the coordina
tion of Al aomsto the activated auminawas investigated by “’Al
MASNMR (Fig. 6).

In generd, asmade duminas mainly have 6-coordinated Al atoms,
in the form of layered duminum hydroxide. After cadindtion, tetra-
hedra (AI") and octahedra (AI™) coordinated Al are produced as
the resullt of dehydration and the dehydroxylation of duminum hy-
droxide, and pentahedrd (Al") coordinated Al is produced by migra-
tion toward the tetrahedral and/or octahedrd sites. Al NMR stud-
iesindicate 75+4% AlV in yauminaand 65£4% Al* in -duming,
repectively [Sohlberg et d., 2001]. As shown in Table3 and Hg.
6, the caculated ratios of AI'V: AlV: Al* of MA, Mg-MA, and Ni-
MA ae282:00:718,232:0.7: 761, and 17.0: 50: 780, regpec-
tively, and the phase of dl theaduminasiscdoseto yaumina

Population (%) Position (ppm)
Sample
AlY AlY AlY AIVIAIY AlY AlY AlY
MA 28.2 0.0 718 2.55 69.289 - 4.315
Mg-MA 232 0.7 76.1 3.28 69.289 36.802 4.315
Ni-MA 17.0 5.0 78.0 458 76.788 31.804 1.816

Korean J. Chem. Eng.(Val. 22, No. 2)
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However, the chemicd shift position of Ni-MA was dightly dif-
ferent to thet for MA (Teble 3). In the case of inverse bimetdlic spi-
nessuch asNiAlLO,, nicke oxide, supported on the active duming,
dlows Ni* ions to diffuse into the surface lattice vacandies of the
duminaspind sructure [Chokkaram et d., 1997]. The surfece lat-
tice vacancies of the tetrahedra coordinated Al are occupied by Ni**
ions that diffused in during dehydroxylation and dehydration, and,
as aresult, the dectron field of Al is deshielded compared to that
of Al" with vacancies. Therefore, the position of the chemicd shift
(9) of tetrahedra Al atomsin Ni-MA (Aly'=76.788) was shifted to
the left (deshidlding), compared to that in MA (Aly=69.289). This
migration of nickd ionsinto the duminamatrix isacommon phe-
nomenon asociated with metd supported cataysts and may be lim-
ited to the firg few layers of the support [Kim et d., 2003d]. For
pentahedral Al, unsaturated Al is produced due to the formation of
oxygen vacancies as the reault of the dehydroxylation of precur-
sors This Al coordinated Al serves as an dectron acogptor and func-
tionsasLewisacid Stes.

4. Potential Applications of MA and X-MAs

In this study, bimetdlic Ni-MAn (n=1, 2, 3) with different metd
ratios (Ni/lMg=7.4/2.3, 7.6/7.1 and 7.8/15.8 for Ni-MA1, Ni-MA2,
and Ni-MA3, repectively) were evduated for usein the POM reec-
tion as a potentid gpplication. The reection was parformed & ahigh
temperature (700°C). Thus, as'made Ni-MAn was thermaly trested
a 800°C, and cacined Ni-MAnN was then reduced a 750 °C. While
the surface area of Ni-MAnN was decreased to 110 n¥/g due to the
sntering effect, mesoporosity was maintained. In XRD data, Ni-
MA catdyd tregted at 800°C maintained the same characterigtic
pesks of ydumina, which cacdned a 400-550 °C. It should be noted
that abimetdlic catdys has a high thermd gability. As shownin
Fg. 7, methane converson for Ni-MAnN changed with the meta
ratio. Ni-MA2 and Ni-MA3 showed a higher converson and was
more stable than Ni-MA1 during an 11 hr reaction. In POM reac-
tion as apotentid gpplication, there existed the optimum metd retio
of nickd to magnesium, and itsretio was about 1. While nickd met-
d mainly acted as an active Site, magnesum enhanced the thermal
gability of framework and suppressed the deactivation of POM.

80

75 4

70

Methane conversion (%)

65
—8— Ni-MA1

—O— Ni-MA2
—v— Ni-MA3

60 T T T T T
0 2 4 6 8 10 12
Time (hr)

Fig. 7. Catalytic activity of Ni-Man catalygsin the POM reaction
over an 11 hr period.

March, 2005

CONCLUSIONS

MA and X-MAs (X=Na, Mg, and Ni) were prepared by using
four different templates, induding Searic acid, sodium Searate, meg-
nesum geerate, and nickel Searate. The pore properties of the X-
MAs were amilar to those of MA. This dearly shows that Searic
acid sdts could be usad as templates for the preparation of X-MAs,
The preparation of Mg-MA using an inexpendve template was fear
shle for mass production in indudrid applications. By trestment
with an acid or base, magnesum ions in magnesium Searate were
reedily exchanged with other metd ions. Thus metd incorporated
adumina could be eadly and directly prepared usng meta Seerate
asachemicd template and ametd source. The POM reection, asa
potentid gpplication, was conducted usng bimetalic Ni-MAn cat-
ayds and showed a high thermad gtability and alow deactivation.
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