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Acid function of AI-MCM-41 supported platinum catalysts in
hydrogenation of benzene, toluene and o-xylene
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A series of AI-MCM-41 mesoporous materials with different Si/Al ratios are synthesized. The acidities of catalysts are measured by
the temperature-programmed desorption of ammonia (NH3-TPD) and IR spectra of pyridine. Their catalytic activities for hydrogenation
of benzene, toluene and o-xylene are investigated on a pulse reactor system. NH3-TPD and IR results show that only weak and medium
acid sites could be observed on the catalysts, and the number of total acid sites decreases obviously with the increase of the Si/Al ratio
whereas the medium acid sites are somewhat constant. The introduction of platinum onto AI-MCM-41 material decreases the total acid
number by a smal amount. The hydrogenation activities of the 1% Pt/HAI-MCM-41 catalysts are found to correspond well with the
ratio of medium acid sites to total acid sites in the employed catalysts. It is proposed that, in addition to metal sites, the acid sites in the
metal—acid interfacial regions are aso the active sites for hydrogenation and the medium acid sites play important roles in the reaction.
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1. Introduction

Numerous studies of group VIII metals have been re-
ported for the purpose of clarifying the correlation between
the catalyst structure and its catalytic performancesin hy-
drogenation of benzene and/or alkylbenzene [1-3]. In re-
cent years, aromatic hydrogenation has received increased
attention due to more and more stringent environmental
regulations, which require refineries further to reduce the
aromatic content in advanced eco-friendly transportation fu-
els [4-6]. To meet this requirement, it is necessary to find
more efficient catalysts for the deep aromatic hydrogenation
process with high liquid yield.

The novel new material AI-MCM-41, first synthesized
by Mobil researchers [7], possesses a hexagona array of
uniform mesopores, very large surface area, and usualy
weak and/or medium acid. These peculiarities are all very
important for its potential utilization as the support for hy-
drotreating catalysts. Song et al. [8] have reported very
recently that platinum loading on Al-MCM-41 results in
active catalysts for the hydrogenation of bicyclic aromat-
ics. However, no literature is found so far to investigate
catalytic properties of Al-MCM-41 supported noble metal
catalysts for the hydrogenation of monoaromatics, which
are more difficult to be saturated than the multicyclic aro-
matics [4].

Concerning the acid function of the catalysts for aro-
matic hydrogenation, Vannice et al. [9,10] have pointed out
that the overall conversion of the aromatic over the noble
metal/acid catalyst comes from two kinds of sites. one is
the well known noble metal active centers, and the other
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is acid sites, on which the adsorbed aromatic could hydro-
genate with the activated hydrogen spilt over from metal
centers. The authors successfully account for the results of
Pd (Pt) loading on some acidic and non-acidic supports for
the hydrogenation of benzene, toluene or xylene using this
model. However, the model has not dealt with the influ-
ence of different acidities on the reactivity of the aromatic
in the hydrogenation reaction. Therefore, the acid function
in metal-catalyzed hydrogenation reaction over metal/acid
systems is still open to further study.

In this paper, a series of AI-MCM-41 mesoporous mo-
lecular sieves with different bulk Si/Al ratios are synthe-
sized, and their acid characteristics are measured by NHs-
TPD and FT-IR techniques. The hydrogenation of benzene,
toluene and o-xylene is studied over the series of Pt/HAI-
MCM-41 catalysts. The finding that the catalytic activities
rely very closely on the catalyst acidities is discussed in
relation with the different acidic features of the employed
catalysts.

2. Experimental
2.1. Catalysts

Al-MCM-41 materials were synthesized using water
glass (N&O 7.40 wt%, SO, 25.42 wt%, H,0O 67.18 wt%)
and sodium aluminate as silica and alumina source, res-
pectively. The molar composition of the gel mixture is as
follows: (0.29 4 (1/2)z) NaO:SO;: (1/2)x Al,03:0.16
cetyltrimethylammonium bromide: 0.039 tetramethylam-
monium hydroxide: (26 + 100/x) H2O (z = Si/Al). The
detailed synthesis procedure is according to the previous
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report [11]. By varying the = parameter in the above com-
position in the range of 15-200, four samples were ob-
tained, denoted as NaAl-MCM-41-n (n = 1,2,3 and 4).
HAI-MCM-41-n were given by the ion exchange reaction
of NaAl-MCM-41-n with the aqueous solution of ammo-
nium nitrate (1.0 M) at 80°C. Pt-loading catalysts, Pt/HAI-
MCM-41-n (Pt 1 wt%), were prepared by incipient wetness
impregnation of HAI-MCM-41-n with the aqueous solution
of chloroplatinic acid (pH = 7, adjusted by NH3H,0O). This
was followed by evaporation, drying at 120°C for 12 h, and
calcining in air at 500°C for 8 h.

2.2. Characterization

The powder X-ray diffraction (XRD) patterns were
recorded by a Rigaku D/MAX-IIA X-ray powder diffrac-
tometer, which employed Ni-filtered Cu K« radiation and
was operated at 40 kV and 20 mA.

NH3-TPD was tested on 100 mg of the catalyst with he-
lium (40 ml/min) as the carrier gas and a thermoconductor
as the detector. The catalyst was first calcined in helium at
540°C for 30 min and saturated with ammonia at 120°C,
then the NH3-TPD test was started with a heating rate of
15°C/min. The amount of ammoniadesorbed from the cat-
alyst was quantitatively analyzed by the thermoconductor.
The H,—O;, titration experiment was carried out in a pulsed
system with Ar as the carrier gas and the thermoconductor
as the detector. H, (or O;) was injected into the catalyst
bed through a six-port valve with a sample loop. All the
gases used were properly purified.

IR spectra were obtained on a Nicolet 5SXC FTIR spec-
trometer. The self-supporting wafers of about 5 mg/cm?
were first evacuated in situ in an IR cell a 350°C for
4 h, and the IR spectra were recorded after the temperature
decreased to room temperature. Pyridine was then admit-
ted and, after equilibrium, pyridine was desorbed at 120,
180, 240 and 300°C, respectively, and the spectra were
recorded.

2.3. Catalytic test

The hydrogenations of benzene, toluene and o-xylene
were carried out in a pulse microreactor made of stainless-
steel tube with a volume of 3.2 ml at a pressure of 2.2 bar
and a hydrogen flowrate of 50 ml/min. The catalyst (30 mg)
with the particle size of 0.28-0.45 mm was prereduced
in situ in hydrogen at 500 °C for 3 h followed by the injec-
tion of 0.8 ul of the reactant into the catalyst bed through
a microsyringe. Reactants and products were analyzed on
line by a gas chromatograph.

3. Results
3.1. Physical properties of catalysts

Table 1 displaysthe properties of unloaded and Pt-loaded
HAI-MCM-41 samples. It can be seen that the four HAI-
MCM-41 samples have very different bulk Si/Al ratios
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Table 1
Physical properties of employed catalysts.
Catalyst Si/AI2 Sger (M?/g) Db (%)
HAI-MCM-41-1 14 909 -
HAI-MCM-41-2 23 923 -
HAI-MCM-41-3 39 923 -
HAI-MCM-41-4 73 938 -
Pt/HAI-MCM-41-1 - 873 26
Pt/HAI-MCM-41-2 - 857 35
Pt/HAI-MCM-41-3 - 862 34
Pt/HAI-MCM-41-4 - 838 49

aFrom chemicd anaysis.
b Platinum dispersion from H,—O titration.
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Figure 1. XRD patterns of (a8) NaAI-MCM-41-1, (b) NaAl-MCM-41-2,
(c) NaAl-MCM-41-3, and (d) NaAl-MCM-41-4.

as a result of the change of Si/Al ratios in the surfac-
tant—aluminosilicate gel mixture during synthesis. How-
ever, they possess very similar BET surface areas (around
920 m?/g). When Pt is loaded on HAI-MCM-41, the sur-
face areas decrease, but still have very high values (around
850 m?/g). The Pt dispersion is observed to change from 26
to 49% with the increase of the Si/Al ratio of the support.

XRD patterns of NaAI-MCM-41-n samples are shown
in figure 1. According to the result reported by Beck et
al. [7], the very typical hexagonal lattice for al the sam-
ples in figure 1 can be verified by the observation of a
strong peak (100) at very low angle and the three weak
peaks ((110), (200) and (210)) at comparatively higher an-
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Figure 2. XRD patterns of (a) NaAl-MCM-41-3, (b) HAI-MCM-41-3, and
(c) P/HAI-MCM-41-3.

gles. The disappearance of the (210) diffraction peak for
NaAl-MCM-41-1 with high auminum content is thought to
arise from the distortion of the long-range ordering of the
hexagonal structure as a conseguence of the aluminum in-
corporation into the framework of MCM-41 [11]. Figure 2
comparesthe XRD result of Pt/HAI-MCM-41-3 with that of
its parent samples. The (100), (110) and (210) diffraction
peaks can be clearly observed for HAI-MCM-41-3, which
shows explicitly its typical MCM-41 structure. However,
the three peaks al shift to a higher degree of 260 com-
pared with those for NaAl-MCM-41-3. This indicates the
occurrence of congraint of its hexagonal unit cell due to
the further calcination when giving HAI-MCM-41 from the
Na™ form of AI-MCM-41. Moreover, the observation of
the very similar XRD profile of Pt/HAI-MCM-41-3 to that
of HAI-MCM-41-3 demonstrates that the structure of the
MCM-41 material is not destroyed by the introduction of
Pt. The same results as those in figure 2 are also obtained
for PYHAI-MCM-41-n (n = 1,2,4) catalysts in other ex-
periments.

3.2. Acid properties of catalysts

NH3-TPD results of the series of Pt-free and Pt-loaded
HAI-MCM-41-n catalysts are shown in figures 3 and 4,
respectively. In figure 3, for HAI-MCM-41-2 and -3 with
middle alumina contents both the low-temperature peak at
about 210°C for weak acid and the high-temperature shoul-
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Figure 3. NH3-TPD patterns of (a) HAI-MCM-41-1, (b) HAI-MCM-41-2,
(¢) HAI-MCM-41-3, and (d) HAI-MCM-41-4.
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Figure 4. NH3-TPD patterns of (a) PYHAI-MCM-41-1, (b) P/HAI-MCM-
41-2, (c) PYHAI-MCM-41-3, and (d) P/HAI-MCM-41-4.

der peak at about 370°C for medium acid are found, but
no peak is detected at a temperature higher than 400°C
corresponding to strong acid sites. By contrast, for HAI-
MCM-41-1 and -4 with high and very low alumina content,
respectively, only weak acid can be obvioudy observed.
The peak for medium acid might be covered up by the
very broad low-temperature peak. Moreover, the total acid
number of HAI-MCM-41 decreases remarkably with the in-
crease of Si/Al ratio (see also the last column of table 2).
These phenomena are in agreement with those in previous
reports [11,12]. It is found in figure 4 that PtY/HAI-MCM-
41 catalysts have more or less the same acid features as the
corresponding Pt-free ones, i.e., weak and medium acid are
observed and also the total acid number decreases with the
increase of Si/Al ratio of the support. However, the total
acid number of the Pt-loading sample is less than that of its
parent support alone (see also the last column of table 2).
It is known that MCM-41 material has a hexagona array
of uniform mesopores with one-dimensional channel. For
Pt-loading catalysts obtained by the impregnation method,
it is reasonable to consider that metal particles reside on the
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Table 2
Acid amount of HAI-MCM-41 and Pt/HAI-MCM-41 catalysts. (Pyridine adsorption number at 120, 180, 240, and 300 °C, respectively.)
Catalyst ng? (x10'9/g) n @ (x10%%/g) np1L (x10%9/g) nm/m®  ne
120°C 180°C 240°C 300°C 120°C 180°C 240°C 300°C 120°C 180°C 240°C 300°C (x10%g)
HAI-MCM-41-1 6.04 2.83 1.69 0.74 9.69 7.89 519 273 1573 1072 6.88 347 2206 16.08
HAI-MCM-41-2 441 241 0.83 0.68 6.27 4.35 334 237 1068 694 417 305 2856 12.22
HAI-MCM-41-3 3.87 224 134 0.87 3.85 323 2.76 243 7.72 547 410 330 4275 8.81
HAI-MCM-41-4 1.80 1.29 054 0 2.83 2.45 154 0.52 4.63 374 208 052 1123 474
Pt/HAI-MCM-41-1  5.35 3.04 118 0.88 9.47 6.76 4.87 258 14.82 980 6.05 346 2334 15.24
PYHAI-MCM-41-2  2.63 117 1.01 0.95 5.92 4.16 2.68 2.37 855 533 369 332 3883 10.23
Pt/HAI-MCM-41-3  1.80 124 0.64 054 3.39 2.66 235 2.30 5.19 390 299 284 5472 7.66
Pt/HAI-MCM-41-4  1.25 0.79 0.45 0 222 1.83 0.97 0.45 347 228 097 045 1297 354
aFrom extinction coefficient by Hughes and White [20].
b The ratio of medium acid sites to total acid sites calculated from: ng, | (300°C) x 100/ng, (120°C).
¢ Ammonia number desorbed out of the sample during NH3-TPD test.
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Wavenumber (Cm ) Figure 6. IR spectra of pyridine adsorbed on Pt-containing catalysts

Figure 5. IR spectra of pyridine adsorbed on Pt-free catalysts and degassed
at 120°C. (a) HAI-MCM-41-1, (b) HAI-MCM-41-2, (c) HAI-MCM-41-3,
(d) HAI-MCM-41-4.

channel openings and inside channels, which could hinder
the access of ammonia to acid sites and, therefore, result
in the decrease of the total acid number. However, the
acid number of the Pt-loading catalyst does not drop by a
large amount perhaps because of the unique mesostructure
of the support. This might also account for the dight de-
crease of surface area of HAI-MCM-41 by the introduction
of platinum (table 1).

IR spectra of pyridine adsorption on HAI-MCM-41 and
Pt/HAI-MCM-41 are shown in figures 5 and 6, respec-
tively. It is revealed that all the samples exhibit both
Bransted (band at 1540 cm™1) and Lewis acid sites (band
at 1450 cm~1). Table 2 displays the acid distribution of
each catalyst quantitatively calculated from IR results of
pyridine adsorption at 120, 180, 240 and 300°C, respec-
tively. It is clear that the total acid number (represented by
ng+L a 120°C) decreases with the increase of Si/Al ra-

and degassed at 120°C. (a) PYHAI-MCM-41-1, (b) PYHAI-MCM-41-2,
() PYHAI-MCM-41-3, (d) PYHAI-MCM-41-4.

tio. Thistrend is unaltered by the introduction of platinum
onto the HAI-MCM-41 support with the total acid number
being lowered by a small amount. These results are well
in agreement with the NH3-TPD results in figures 3 and 4.
The larger value of the total acid number from NH3-TPD
than that from IR spectrais probably because of the stronger
basicity and smaller molecular radius of ammonia than of
pyridine. IR results also tell that for HAI-MCM-41-1, -2
and -3 and their Pt-loading counterparts the medium acid
numbers (represented by ng at 300°C) are kept at some-
what the same level with the increase of the Si/Al ratio
even if the total acid number decreases remarkably. As
a result, the ratio of medium acid sites to total acid sites
increases drastically with the increase of SI/Al ratio. As
for PYHAI-MCM-41-4 and its support, the total acid sites
and the percentage of medium acid sites are both very low
owing to its too low alumina content. This result is con-
firmed by the explicit occurrence of the high-temperature
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Figure 7. Conversion of benzene into cyclohexane as a function of the
reaction temperature over PYHAI-MCM-41-3.

peak for medium acid on Pt-free and Pt-loaded HAI-M CM-
41-2 and -3 samples compared with the other two (figures 3
and 4).

3.3. Catalytic performances of catalysts

The reactivity of benzene in the hydrogenation reaction
is measured over Pt/HAI-MCM-41-3in the reaction temper-
ature range of 150-280°C aiming at finding the optimum
reaction temperature. At all reaction temperatures only cy-
clohexane is found. It is shown in figure 7 that benzene
conversion passes through a maximum at around 200°C
with the increase of reaction temperature. This result isin
good agreement with that over Pt/Al,O3 [9]. In another
experiment, the catalyst weight is changed (10-150 mg)
to test the selectivity of the PYHAI-MCM-41-3 catalyst
a 220°C with other reaction conditions constant. It is
observed that in the obtained conversion range of 6-78%
only cyclohexane is obtained. The same results are found
for the hydrogenations of toluene and o-xylene, i.e., only
the saturation products (methylcyclohexane and dimethyl-
cyclohexane, respectively) can be observed under our re-
action conditions. By contrast, no measurable product is
detected over the Pt-free catalysts under the same reaction
conditions.

The reaction conditions are elected so that the aromatic
conversions over all catalysts are compared at a level less
than 20%. Figure 8 shows very different conversions of
monoaromatics over Pt/HAI-MCM-41 catalysts, depend-
ing on the reactant, reaction temperature or the Si/Al ra-
tio of the catalyst support. By comparing the results in
figure 8 (A), (B) and (C), one can see that the aromatic
conversion decreases with the increase of the number of
methyl substituents in the benzene cycle of the reactants on
whatever the catalyst. This is consistent with the previous

161

20
16/ A
121 20°C

8.

44 280°C

o~
20
16! B
12| 220°C

8- o
4l 280

0

20
16 C

121
81 220°C
g —O0——0 8.00C. 7
10 20 30 40 50 60 70 80
Si/Al

Figure 8. Effect of the Si/Al ratio of the support of PYHAI-MCM-41
catalysts on the hydrogenation conversion of (A) benzene, (B) toluene,
and (C) o-xylene at the reaction temperature of 220 and 280 °C.
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report [13]. Figure 8 also shows that the conversions at
220°C are much higher than those at 280°C for all reac-
tants, corresponding to the observation in figure 7. A very
interesting observation is the existence of a summit conver-
sion with the increase of Si/Al ratio of the catalyst support
for the hydrogenation of benzene, toluene or o-xylene at
220 or 280°C, i.e., P/HAI-MCM-41-3 possesses the high-
est activity whereas Pt/HAI-MCM-41-1 and -4 exhibit very
low activities.

According to the conversion values in figure 8 together
with the Pt dispersions in table 1, the flowrate through the
reactor, and the reactor volume, the turnover numbers, the
number of aromatic molecules converted per surface metal
site per second, for each aromatic reactant on each catalyst
are calculated [14,15]. These are shown as a function of
the Si/Al ratio of the support of Pt/HAI-MCM-41 catalysts
in figure 9. It is clear for each reactant that very different
turnover numbers are observed depending on the Si/Al ratio
of the catalyst support. Very similar to the conversion trend
in figure 8, figure 9 reveals that PYHAI-MCM-41-3 is the
most active catalyst whereas PYHAI-MCM-41-1 and -4 are
the most inactive two.

4, Discussion

It is observed that the conversion of benzene, toluene or
o-xylenevarieslargely over the series of 1% Pt/HAI-MCM-
41 catalysts (figure 8). Since the aromatic hydrogenation
reaction on noble metal catalysts is known to be structure-
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catalysts on the turnover number of (A) benzene, (B) toluene, and (C) o-

xylene in the hydrogenation reaction at the reaction temperature of 220
and 280°C.

insensitive [16,17], one might think that this difference of
conversions could arise from the different Pt dispersionsin
this catalyst system. However, very different hydrogena-
tion activities are also obtained in figure 9 depending on
the Si/Al ratio of the support when the Pt dispersion is in-
volved. It thus appears that this catalytic behavior could
most likely correlate with the different properties of cat-
alyst supports. Considering that the change of the Si/Al
ratio of the support results in very different catalyst acidi-
ties (figures 3-6), it is thought here the different activities
in figure 9 might be mainly brought about by the different
acidities of the support.

Vannice et al. [10] have pointed out by systematic stud-
ies that for aromatic hydrogenation the enhancement of the
activities of Pt or Pd catalysts loading on acidic compared
with that on non-acidic support can be attributed to the
acid sites in the metal—support interfacial regions, where
the aromatic molecule adsorbed on acid sites could hydro-
genate with the hydrogen activated by metal sites. In other
words, the overall cataytic activity of the metal/acid cata-
lyst is distributed by metal sites aswell as acid sites, even if
these acid sites themselves are inactive without the neigh-
boring metal sites. In our recent work [18] we also find
the remarkable improvement of aromatic conversion on the
mechanical granular mixture of Pt/Al,O3 and HAI-MCM-
41 (or Y zeolite) compared with the bare Pt/Al,O3 catalyst
in the hydrogenation of benzene, toluene and o-xylene. Itis
proposed that the adsorbed aromatic molecules on acid sites
could be hydrogenated by the spillover hydrogen which mi-
grates from the surface of Pt/Al,O3 particles to the surface
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of HAI-MCM-41 particles. In this work, very different cat-
alytic activities of Pt/HAI-MCM-41 catalysts are observed
for the hydrogenation of benzene, toluene and o-xylene and
very different acid characteristics are found for the em-
ployed catalysts, but the turnover number trend in figure 9
isnot simply parallel to the change of the total acid number
of the catalyst in table 2. However, an interesting relation-
ship could be achieved if attention is paid to the ratio of the
medium acid to the total acid number (table 2): the change
of activitiesin figure 9 corresponds well with the change of
thisratio for al catalysts. The high percentage of medium
acid sitesin total acid sites implies that more platinum sites
locate in the vicinity of the acid sites with medium strength
if the platinum particles are thought to be averagely distrib-
uted in the support. According to the viewpoint of Vannice
et al. [10] that acid sites in the metal—acid interfacial re-
gion are also active centers for hydrogenation reaction, it
is believed that medium acid sites should exhibit a higher
capability than the weak ones to adsorb the aromatic mol-
ecules as carbonium ions, which could be hydrogenated by
the spillover hydrogen from neighboring metal sites. More-
over, the medium acid is not strong enough as the strong
acid to produce hydrocracking products via the adsorbed
carbonium ions and thus the loss of liquid yield is avoided.
This also accounts for the observation of only saturation
products on this catalyst system.

Based on the above consideration, it is proposed that for
Pt/HAI-MCM-41-3 with the largest ratio of medium acid
sites to total acid sites there are more amounts of metal
centers with medium acid sites as their neighbors than in
other catalysts, and, as a consequence, the aromatic hy-
drogenation on acid sites could take place more efficiently.
Thus, the interpretation of the high activities of Pt/HAI-
MCM-41-3 and -2 could be achieved by the more contri-
butions of acid sites to the overal activities if the catalytic
performances of the accessible Pt sites are assumed to be
identical for the series of Pt/HAI-MCM-41 catalysts. By
contrast, for PYHAI-MCM-41-1 and -4, both with very low
percentages of medium acid sites, a large part of platinum
particles are surrounded by weak acid sites in the metal—
acid regions, the hydrogenation reaction on weak acid sites
could not take place so efficiently as that on medium acid
sites owing to its poor ability to adsorb aromatic molecules.
This results in their low hydrogenation activities. There-
fore, the contribution of acid sites to the overall activity is
not simply parallel to the total acid number of the catalyst,
but relates closely to the acid strength in the metal—acid
interfacial region.

The above discussion has not considered the formation
of the strong interaction phase of metal and support, as
what Vannice et al. [10] have proposed that the hydrogena-
tion performances of metal sites themselves are not affected
by acid sites. On the other hand, the reaction result for the
methylcyclopentane hydroconversion over Pt/HY catalysts
[9] leaves little room for speculations on metal/zeolite in-
teractions. Moreover, we recently find the enhancement of
the overall hydrogenation activity of the mechanical gran-
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ular mixture of Pt/Al,O3 with HAI-MCM-41 (or Y zeolite)
over the Pt/Al,O3 done. This excludes the possibility that
the metal—oxide interaction phase is responsible for the en-
hanced activity. Thus, we tend to think that the acid sites
in the metal—acid interfacial regions are the active sites for
aromatic hydrogenation. It is further found here that the
medium acid sites play important roles in this reaction.

5. Conclusions

The catalytic activities of a series of 1% PY/HAI-MCM-
41 catalystsin the hydrogenation of either benzene, toluene,
or o-xylene are found to be paralél to the ratio of medium
acid sitesto total acid sites, rather than to the total acid num-
ber of the catalyst. It is proposed that both metal sites and
acid sites are responsible for the overall aromatic conver-
sion. On the catalyst with high percentage of medium acid
sites there are more Pt active sites surrounded by medium
acid sites in the metal—acid interfacial regions, and the aro-
matic hydrogenation on medium acid sites could more ef-
ficiently take place than that on weak ones. This resultsin
its high catalytic activity.
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