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Abstract

Mesoporous Na-GaMCM-48 molecular sieves having a silicon-to-gallium (molar) ratio of 30-90 were synthesized hydrothermally, and
the structure, coordination geometry of the gallium, acidic properties, and catalytic activity were systematically investigated using a number
of analytical and spectroscopic techniques. XRD, TEM andsdiption investigations indicate an MCM-48 structure with highly ordered
mesoporosity’*Ga MAS-NMR studies reveal that gallium substitutes isomorphously in the mesoporous silicate framework of MCM-48. The
NH3-TPD profiles suggest the presence of high concentrations of moderate-to-strong Brgnsted acid sites in H-GaMCM-48. The catalytic
performance of this protonated catalyst was evaluated fdrblgylation of phenol. The results indicate that the H-GaMCM-48 catalysts are
highly active for the chosen reaction, and show much higher substrate conversion than many other catalyst systems. However, compared to the
analogous H-GaMCM-41, the H-GaMCM-48 shows a slight decreage-ioutyl phenol selectivity owing to the formation of 2,44dbutyl
phenol. On the other hand, the deactivation is very minimal on account of the three-dimensional pore system of the MCM-48 structure
compared to the one-dimensional pore opening of the MCM-41 structure.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction H-AIMCM-41 [19]. However, it is noteworthy that only very
few reports are available on the catalytic properties of meso-

The discovery of thermally stable mesoporous silicate porous gallosilicatef,10,20-24] Therefore, in this inves-
molecular sieveq1] having one-dimensional hexagonal tigation, an attempt has been made to synthesize and charac-
MCM-41 and three-dimensional cubic MCM-48 structures terize high quality GaMCM-48, and to evaluate its catalytic
has attracted significant research interest, and opened up newability for the tertiary-butylation ¢-butylation) reaction of
opportunities in many areas, in particular, heterogeneousphenol as the products, vizpara-tertiary-butyl phenol
catalysis[2—6]. However, much attention has been devoted (p-t-BP) and 2,4-dtertiary-butyl phenol (2,4-d-BP), are
on the catalytic properties of metal-containing MCM-41 industrially important[25]. In addition, like many other
structure, but only very little attention has been paid on porous solids acid catalysts, e.g. HR6], H-ZSM-12[27],
the catalytic properties of metal-incorporating MCM-48 SAPO-11[28], H-AIMCM-41 [29,30] H-FeMCM-41[31],
materials[7—10], probably because of the difficulties to H-GaMCM-41 [32], and H-AIMCM-48 [16], the meso-
synthesize good quality samples because of the narrowemporous H-GaMCM-48 also possess moderate acidic sites
homogeneity region of the MCM-48 phaggl]. On the which is expected to favor the chosen reaction. For a com-
other hand, with the inherent benefit of a three-dimensional parative study, we have also included the results of both
pore structure, as well as the associated advantage of thdleMCM-48 (Me = B, Al and Fe) and MeMCM-41 (Me
resistance against pore blockage, MCM-48 could serve as= B, Al, Ga and Fe) catalysts.
an excellent candidate for catalytic applicatigisl2—18]
For example, the isopropylation of na_phthalene_ z_ind PYrene; eyperimental
over H-AIMCM-48 exhibits much higher activity than

2.1. Sarting materials

* Corresponding author. Tel:91 22 576 7155; fax4-91 22 572 3480. Gallium nitrate nonahydrate (Ga(N§3-9H20; Aldrich;
E-mail address: selvam@iitb.ac.in (P. Selvam). 98%), tetraethylorthosilicate (TEOS; Aldrich; 98%) and

0920-5861/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2004.06.114



136 P. Selvam, SE. Dapurkar / Catalysis Today 96 (2004) 135-141

cetyltrimethylammonium bromide (CTAB; Aldrich; 99%) coupled plasma-atomic emission spectroscopy (ICP-AES;
were used as sources for gallium, silicon, and as tem- Labtam Plasma 8440). The surface area was estimated
plate, respectively, and sodium hydroxide (NaOH; Loba; using the Brunauer—-Emmett—Teller (BET) method and

98%) was used as alkali source. Phenol (Merck; 99.5%), the pore size was calculated by Barrett—-Joyner—Halenda

tertiary-butyl alcohol ¢-BA; Thomas Baker; 99%) were
used for the vapour phase phenol alkylation reactions.
Authentic samples obrtho-tertiary-butyl phenol ¢-t-BP;
Fluka; 99%),meta-tertiary-butyl phenol (nt-BP; Aldrich;
99%), para-tertiary-butyl phenol p-t-BP; Fluka; 99%),
and 2,4-ditertiary-butyl phenol (2,4-di-BP; Fluka; 99%)
were used for comparative analyses of the reaction
products.

2.2. Yynthesis of Na-GaMCM-48

The sodium-form of GaMCM-48 was synthesized as per
the following procedure with a typical molar gel composi-
tion of: Si0;:0.25 (N&0),:0.30 (CTA»O:60 H0:0.0083
Gg0s3. A solution ‘A’ was obtained by mixing NaOH
and tetraethyl orthosilicate (TEOS) in distilled water un-
der constant stirring for 10 min. Solution ‘B’ was pre-
pared by dissolving CTAB in distilled water, and was
stirred for 20 min. Finally, a homogeneous transparent gel
was obtained by mixing the solutions ‘A’ and ‘B’ un-
der constant stirring for 25min. To the resulting gel, the
gallium source was added, and the mixture stirred for an
additional hour for homogenization. The pH of final gel

was 11.4. This was then subjected to hydrothermal treat-

ment at 383K for 72h. The solid as-synthesized product
was washed repeatedly, filtered and dried at 353K for
12h, and calcined at 823K for 2h in,Nfollowed by

air for 6h. For a comparison, gallium-free MCM-48 as
well as Na-AIMCM-41, Na-FeMCM-41, Na-GaMCM-41,
Na-AIMCM-48, Na-FeMCM-48, Na-BMCM-41 and
Na-BMCM-48 were also prepared according to a procedure
described elsewhel@6,28-34]

2.3. Preparation of H-GaMCM-48

The protonated form of GaMCM-48 was prepared from
the sodium form of the calcined sample, Na-GaMCM-48,
by ion-exchange. NiHGaMCM-48 was first obtained by
repeated exchange of Na-GaMCM-48 with 1M D3
solution at 353K for 6 h. The H-GaMCM-48 was then ob-
tained by deammoniation at 823K for 6 h in air.

2.4. Characterization

All the samples were characterized by powder X-ray
diffraction (XRD; Rigaku), N sorption isotherm (Sorpto-
matic-1990), simultaneous thermogravimetry-differential
thermal analysis (TG-DTA; Shimadzu DT-30), Fourier
transform infrared (FT-IR; Nicolet Impact 400) spec-
troscopy,2°Si and’1Ga magic angle spinning-nuclear mag-
netic resonanceéSi MAS-NMR: Varian VXR-300S;1Ga
MAS-NMR: Bruker Avance DPX 300) and inductively

(BJH) formula [35]. The pore volume was determined
from the amount of N adsorbed atP/Py = 0.5. TEM
and ED analysis was carried out on Philips CM 200 op-
erating at 200kV (structural resolution of 0.23nm). The
image and ED were recorded with GATAN CCD-camera.
Calcined GaMCM-48 samples were used for TEM and
ED studies. Samples were dispersed in ethanol with
sonication (Oscar ultra sonics), and a drop of it was
placed on a carbon coated grid (300 mesh; Sigma—
Aldrich).

2.5. Temperature programmed desorption of ammonia

The acidity of the H-GaMCM-48 catalyst was stud-
ied by temperature programmed desorption of ammonia
(NH3-TPD). About 200 mg of H-GaMCM-48 was placed
in a quartz reactor and was activated at 823K in air
for 6h, followed by 2h in helium with a flow rate of
50mimin~t. The reactor was then cooled to 373K and
maintained for another hour under the same condition.
The desorption of ammonia was carried out by heating
the reactor up to 823K at a uniform rate of 10K min
The amount of ammonia desorbed was estimated with the
aid of thermal conductivity detector response factor for
ammonia.

2.6. Tertiary butylation of phenol

The t-butylation reaction of phenol was carried out am-
bient pressure using 750mg of H-GaMCM-48 catalyst
(100-120 mesh) in a fixed-bed continuous flow glass re-
actor (i.d.=6.0mm). Prior to the reaction, the catalyst
was activated at 773K in flowing air for 8 h followed by
cooling to reaction temperature (448K) under nitrogen
flow of ca. 50 ml/min. After an hour, the reactant mix-
ture, i.e. phenol anttbutyl alcohol, with a desired (molar)
ratio and weight hour space velocity (WHSV) was fed
into the reactor using a liquid injection pump (Sigmamo-
tor) with nitrogen as carrier gas. The gaseous products
were collected in cold traps, and analyzed at 30 min inter-
vals.

2.7. Products analyses

The various products of thebutylation reaction, viz.,
o-t-BP, mt-BP, p-t-BP, and 2,4-di-BP, were identified
by gas chromatography (NUCON 5700) with SE-30 and
AT1000 columns. In addition, all these products were con-
firmed with the use of a combined gas chromatography-mass
spectrometry (GC-MS; HEWLETT G1800A) set-up fitted
with HP-5 capillary column.
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Fig. 1. XRD patterns of GaMCM-48(30): (a) as-synthesized; (b) calcined,;

(c) protonated; (d) after reaction. the dimension can be observed (Fagle ). Such an obser-

vation is in line with the crystal radii of the substituent ions
3. Result and discussion in the silicate framework structure (see alable 3. Fig. 4
shows the XRD patterns of MeMCM-41 (Me Ga, Al, Fe

Figs. 1-3show the XRD patterns of several GaMCM-48 and B) samples, and that the diffraction patterns are typical
with different Si/Ga (molar) ratios. The diffraction patterns ©0f @ hexagonal MCM-41 structuf#,6]. Table 2summarizes
show all the major reflections, which are characteristic of a theao values, Si/Me ratios and\sorption data for various
cubic MCM-48 structurdl,6]. The calculated average unit MeMCM-41 along with MCM-41.
cell parameterdp), Si/Ga ratio and N sorption analyses ICP-AES data of Na-GaMCM-48 indicate that the gal-
for various GaMCM-48 samples are givenTable 1 XRD lium content in the catalyst remains nearly the same or close
data clearly indicate an increase in unit cell dimension as 0 the starting (gel) composition. This suggests the com-
the gallium content increases in the samples, which could bePlete incorporation of gallium in the silicate matriXable
accounted for the isomorphous substitution of trivalent gal- 1)- N2 adsorption—desorption isotherms for all GaMCM-48
lium to tetravalent silicon owing to the larger crystal radius Sample show type IV isotherms, which are characteristic for
of former (0.62 A) than latter (0.40 AB6]. Indeed, a sim- mesoporous material87]. A sharp inflection in the rela-
ilar unit cell expansion can also be noticed for AIMCM-48 tive pressureR/Po) range 0.2-0.4 corresponds to capillary
as well as FeMCM-48, while for BMCM-48 a decrease in condensation within uniform mesopores. The pore volume,
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Fig. 2. XRD patterns of GaMCM-48(60): (a) as-synthesized; (b) calcined; Fig. 4. XRD patterns of: (a) BMCM-41(60); (b) AIMCM-41(60); (c)
(c) protonated; (d) after reaction. GaMCM-41(60); (d) FeMCM-41(50).
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Table 1
XRD, ICP-AES, and N sorption analysis results of various Na-MeMCM-48 (MeAl, Ga, Fe and B) samples
Catalyst (alA)P Si/Me (molar) ratié N2 sorption data
Synthesized Calcined Synthesis Calcined Pore volume Pore Surface area
catalyst catalyst gel catalyst (mlg™1) diameter (A) (m2g™1
MCM-48 92.72 80.07 - - 0.85 34 1220
GaMCM-48(90) 94.12 83.96 90 92 0.80 32 1080
GaMCM-48(60) 96.89 86.12 60 61 0.79 30 1050
GaMCM-48(30) 97.92 87.03 30 29 0.75 28 980
AIMCM-48(60) 96.89 88.07 60 62 0.80 30 1060
FeMCM-48(50) 96.95 86.77 50 75 0.74 28 860
BMCM-48(60) 92.60 80.02 60 62 0.72 27 890

@Number in parenthesis is Si/Me molar ratio in synthesis gel.
b Average unit cell parameterd) calculated using A = vVh2 + k2 + I2/a.

€ICP-AES.
Table 2
XRD, ICP-AES, and N sorption analysis results of various Na-MeMCM-41 (MeAl, Ga, Fe and B) samples
Catalyst Crystal ao (A)° SilMe (molar) ratid N2 sorption data
radii (A)P
) Synthesized Calcined Synthesis Calcined Pore volume Pore Surface area

catalyst catalyst gel catalyst (mlg™1) diameter ()  (m?2g™1)
MCM-41 0.4C6 46.64 43.56 - - 0.80 30 1060
BMCM-41(60) 0.25 46.02 42.89 60 63 0.70 25 820
AIMCM-41(60) 0.53 49.28 47.88 60 58 0.76 28 1020
GaMCM-41(60) 0.61 50.75 48.47 60 54 0.73 27 980
FeMCM-41(50) 0.63 55.05 49.09 50 75 0.74 28 860

@Number in parenthesis is Si/Me molar ratio in synthesis gel.

b Trivalent metal ion in tetrahedral environmeB6].

¢ Average unit cell parameterd) calculated using # = 4/3(h? + hk + k&/a?).
41CP-AES data.

€ Tetravalent silicon in tetrahedral environméas].

surface area, and pore diameter deduced from theadN 148-160 ppm corresponding to tetrahedral gallium in the
sorption isotherm for GaMCM-48 samples are presented in framework MCM-48 structure[9,20-22] Indeed, sim-
Table 2 These results clearly support the mesoporous na-ilar ‘'Ga MAS-NMR spectra have been reported for
ture of the GaMCM-48 catalyst. The TEM image of calcined various Ga-substituted microporoJd0,41] and meso-
GaMCM-48 indicates that the mesopores are arranged alongporous [20-23,43] molecular sieves. On the other hand,
the (1 10) plang38], and the ED pattern confirms the good 2°Si MAS-NMR spectra of as-synthesized and calcined
quality of the sampl¢39].

TG-DTA of the as-synthesized Na-GaMCM-4Big. 5 : T . . . .

shows a total weight loss of about 55-60% (in three steps), 100, 03
which is typical of mesoporous MCM-48]. The observed G
(three) different weight losses correspond to the removal %° 'O'Z’S
of adsorbed water and/or gas moleculeS8T3 K; 5-7%), K]
oxidative degradation of template molecules (393-725K;  °° '0'3§
45-47%), and condensation (dehydroxylation) of silanol 2.0l 02 5
groups (>773 K; 5—-6%). It can be seen frétig. 5that the £ -
TG results are well supported by the respective endothermic 5 G
and/or exothermic transitions in DTA. On the other hand, > °°| 0y
TG of calcined Na-GaMCM-48 (not reproduced here) gave ,5_
a 25% weight loss while the protonated samples (before and 501 100
after reaction) showed a weight loss of 20—-22%. The cor- 20] o
responding endothermic transitions in the range 353-363 K '
confirm the desorption of adsorbed species. This indicates 20 02
a hydrophilic nature of GaMCM-48. 273 473 | 6713 873 1073
Fig. 6 depicts the’1Ga MAS-NMR spectra of as-synthe- Temperature (K)

sized Na-GaMCM-48, which shows a strong signal at Fig. 5. TG-DTA spectra of as-synthesized Na-GaMCM-48.
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Fig. 6. '\Ga MAS-NMR spectra of: (a) Na-GaMCM-48(30) and (b)
Na-GaMCM-48(60).

Na-GaMCM-48[34] gave two main signals (not reproduced
here) centered at108.5 ppm, assigned ta@ite [Si(OSi})],
and —99.5ppm, assigned to FQsite [Si(SIO%(OH)],
with a weak shoulder at-90.1 ppm attributed to gsite
[Si(OSi)(OH),] [42]. However, upon calcination, the inten-
sity of Qg signal increases indicating further condensation
of silanol groups resulting in the formation of siloxane
(Si—O-Si) bonds.

Fig. 7 depicts the NH-TPD profiles of various
H-GaMCM-48. The ammonia desorption trace was
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deconvoluted using Gaussian functions with the tempera-
ture as variant. The deconvoluted traces of thesNIFD
profiles were assigned on the basis of literature reports
[16,21,28,32] The first peak, around 420-440K, referred
to as type (i) is attributed to surface hydroxyl groups (weak
acid sites), whereas the next two peaks, types (ii) and
(i) in the range 450-480 and 540-600K, originate from
moderate and strong structural (Brgnsted) acid sites, re-
spectively, due to the presence of tetrahedral gallium in two
different framework sites. The broad and weak peak around
650-700K, designated as type (iv), is attributed to weak
Lewis acid sites, which may arise from tri-coordinated gal-
lium in the framework. A further increase in temperature
(750K) resulted in a weak peak, which may be assigned
to non-structural Lewis acid sites originating from the
non-framework gallium species. However, for the Si/Ga
= 30, a significant decrease in the type (iii) acid site is no-
ticed. This observation could be attributed to the presence of
types (iv) and (v) sites as a consequence of the formation of
octahedral gallium ions. It is also clear frdfig. 7 that the
area under the profiles corresponding to the moderate and
strong Brgnsted acid sites has a much larger contribution
(50-70%), which is favorable for the chosen reaction.

Table 3 presents the results ofbutylation of phe-
nol over H-GaMCM-48 under optimized experimental
conditions. For comparison, we have also included the
results of H-BMCM-41, H-AIMCM-41, H-GaMCM-41,
H-FeMCM-41, H-BMCM-48, H-AIMCM-41 and H-
FeMCM-48. It is interesting note from this table that, in
general, the phenol conversion is higher for the MCM-48
structure than the corresponding MCM-41 structure. The
observed higher conversion of the former may be attributed
to the three-dimensional pore system of MCM-48 structure
compared to the one-dimensional pore system of MCM-41
structure [7,12,19] as well as to the larger amount of
moderate-to-strong Brgnsted acid sites in the former. How-
ever, the increased activity may simply reflect the increase
in surface area of the MCM-48 structure. We did not ob-
serve any trend in the selectivity pit-butyl phenol for both
these structure types. Interestingly, the H-GaMCM-48 cat-
alyst is more stable. And deactivates only after about 10 h,
while all others show a loss of activity already after about
3h. Pu et al[19] have reported a similar observation for
isopropylation of naphthalene and pyrene over AIMCM-41
and AIMCM-48. Thus, the present study clearly demon-
strates the advantage of three-dimensional pore system of
MCM-48 structure over one-dimensional pore structure of
MCM-41 structure for the chosen reaction.

Table 4summarizes the results of the phenol reaction over
H-GaMCM-48 with different Si/Ga ratios under optimized
experimental conditions. As can be seen from the table, the
phenol conversion increases with increase in gallium con-
tent, i.e. from (Si/Ga ratio) 90 to 60. The observed increase
in conversion could be attributed to an increase in moder-
ate and strong acid site&if. 7), i.e. types (ii) and (iii).

In addition, the increase in activity may also be explained
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Table 3
Tertiary butylation of phenol over various mesoporous metallosiliéates

s Today 96 (2004) 135-141

IMCM-41 H-FeMCM-41 H-FeMCM-48 H-BMCM-48 H-BMCM-41

Reactant/products H-GaMCM-48 H-GaMCM-41 H-AIMCM-48 H-Al
Conversion (wt.%) 63.6 55.2 59.1 35.9
Selectivity (wt.%)
o-t-BP 10.1 12.3 8.1 8.1
m-t-BP 29 3.6 2.5 4.7
p-t-BP 76.5 71.4 79.8 83.3
2,4-di+-BP 10.5 12.7 9.6 3.9

21.1 27.6 135 8.9
9.5 9.8 30.2 36.9

87.0 87.8 69.8 63.1
35 24 - -

aReaction conditionsT = 448 K; WHSV = 4.8 h™1; TOS = 1.5 h; t-BA:phenol = 2:1.

Table 4
Effect of Si/Ga (molar) ratio on the tertiary butylation of phenol reaétion

Reactant/ H-GaMCM- H-GaMCM- H-GaMCM-
products 48(30) 48(60) 48(90)
Conversion (wt.%) 45.9 63.6 42.2
Selectivity (wt.%)
o-t-BP 10.4 10.1 8.9
m-t-BP 1.9 2.9 2.3
p-t-BP 72.7 76.5 80.9
2,4-dit-BP 15.9 10.5 8.4

aReaction conditionsT = 448K; WHSV = 4.8h1; TOS = 1.5h;
t-BA:phenol = 2:1.

deduced from this study that the increased in activity of
H-GaMCM-48 could be due to the presence of large amount
of moderate-to-strong Brgnsted acid sites as compared to
many other molecular sieves-based systems.
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based on the differences in the surface area of the cata-

lysts (seeTable ). The results are in excellent agreement
with our earlier results on mesoporous H-GaMCM{32]

and H-AIMCM-41 [44]. However, with a further increase
in gallium content, i.e. Si/Ga= 30, both the (phenol) con-
version and thep-t-BP) selectivity decrease, possibly due
to dealkylation ofp-t-BP and/or a secondary alkylation re-
action. This is well supported by the observed increase in
2,4-dit-BP. Only marginal or no activity was observed for
the gallium-free MCM-48 and MCM-41 structures. Finally,
it is also interesting to note that the diffraction patterns of
the spent catalyst (sd€gs. 1d, 2d and 3dremains nearly
the same as that of the initial catalyst, i.e. before the reac-
tion indicating the structural stability of catalysts even after
the reaction.

4, Conclusion

In summary, in the present investigation, we have suc-
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