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Abstract

Sulfated alumina was prepared by impregnating y-Al,O5 with aqueous H,SO,. Various sulfate species formed in these
samples depended on the concentration of H,SO, ((H,SO,]). Three sulfate species, i.e., surface sulfate, multilayer sulfate
and crystallized Al,(S0,); could be clearly identified by the DTG peaks at ca. 950°C, 630°C and 800°C, respectively.
Surface sulfates were the main sulfate species at [H,S0,] < 0.8 M and induced Lewis superacidic sites ( H, < —13.8). The
superacidic sites were also characterized by a NH,-TPD peak around 400°C and showed a catalytic activity towards
n-butane isomerization. When [H,S0,]> 0.8 M, multilayer sulfates were additionally formed, which created weaker
Bronsted acid sites with a NH,-TPD peak around 250°C and a negligible activity towards n-butane isomerization. Until
[H,80,] > 2.4 M, neutral crystallized Al,(S0,), was formed concurrently with the surface and the multilayer sulfates.

Keywords: Sulfated alumina; Superacid; Derivative thermogravimetry (DTG); Temperature-programmed desorption of ammonia (NH;-TPD);

n-Butane isomerization

1. Introduction

Sulfated metal oxides (SO;~ /MOy) are su-
peracidic catalysts that can catalyze isomeriza-
tion of paraffins [1-3], acylation of aromatics
[4], dehydration of alcohols [5,6], and so on.
Among these sulfated metal oxides, SO; ™ /ZrO,
has the strongest superacidity (H, < — 16.0) and
a fair activity for n-butane isomerization, and
hence, has been studied extensively in literature
[3,7-11]. However, granule forming is always a
difficult procedure for the zirconia support.

" Corresponding author.

Alumina was generally used as the support of
industrial catalysts, because it had a high sur-
face area and can be formed easily without a
binder. Arata et al. has reported that sulfated
alumina (SO}~ /Al,0,) had a superacidity with
H,< —14.5 [12]. In addition, SO} /Al,O,
could be prepared from y-Al,0O;, which can be
obtained commercially. Therefore, the easy
forming and preparation of the SO; /Al,O,
with a high superacidic density attracted our
attention.

Active SO}~ /Al,O; was generally prepared
with around 3 M concentration of H,SO,
[12,13]. However, most other important sulfated
metal oxides (e.g., SO;” /Fe,0,, TiO, and
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Zr0O,) had to be prepared with a 0.5 M H,SO,
solution [1-5]). Evidently, an optimum concen-
tration of H,SO, to prepare an active catalyst
varies with the metal-oxide used. Therefore, we
want to know the effect of [H,SO,] on the
formation of various sulfate species in
SO; ™ /Al0,.

The sulfate species on sulfated metal oxides
tend to decompose into gaseous SO, at tempera-
tures between 500 and 1000°C [12]. Accord-
ingly, the sulfate loading of SO}~ /MO, has
been estimated by a thermogravimetric analysis
(TGA). In this study, we intend to report that
derivative thermogravimetry (DTG) can distin-
guish various sulfate species formed in
SO;~ /Al O, due to their differences in thermal
stability. Furthermore, the acidities of these sul-
fate species were characterized by NH,-TPD
and pyridine-IR, and the induced catalytic activ-
ities were tested by the reaction of n-C, isomer-
ization.

2. Experimental
2.1. Catalyst preparation

Sulfated alumina with various sulfate load-
ings were prepared by impregnating 1 g of
commercial y-Al,O, (Merck, surface area 108
m? g~ ') with 10 ml H,SO, of different concen-
tration (0.2-4.8 M). After stirring for 10 min
the impregnated slurries were filtered, and sub-
sequently dried at 110°C for 12 h. Each sample
was calcined at 550°C for 3 h and stored in vials
(sealed with parafilm) as testing samples for
further characterizations. These samples were
named as x-SO; /y-Al,0, (see Table 1),
where x denoted the concentration of H,SO,
solution.

2.2. Thermogravimetric analysis (TGA / DTG)
The sulfate loading in each samples was de-

termined gravimetrically on a thermal analysis
system (Seiko TG/DTA 300). After 30 min of

dehydration at 400°C, the sample temperature
was linearly raised, at a rate of 10°C min~!, to
1200°C in an Ar flow (100 ml min~'). Pure
v-Al,0; was used as a blank in the reference
port to compensate the possible interference
from the dehydration on the surface of y-Al,O;.
The sulfate loading (SL, wt%) of testing sam-
ples was estimated from the weight loss (Am)
between 400 and 1200°C in TGA profiles. The
DTG profiles were obtained by differentiating
the profiles of TGA.

2.3. Acidity measurement

The maximum acidic strength of testing sam-
ples was characterized by a Hammett indicator
method. Detailed procedures can be found in
the literature [14].

The indicators used in this article had their
pK, value ranging from —12.4 to —14.5 and
the solvent used was n-heptane (Table 1).

The acidic distribution of testing sample was
determined by a TPD of ammonia (NH,-TPD)
in a fixed-bed flow reactor. Each sample (0.1 g)
was dehydrated by an evacuation at 300°C for 1
h before exposed to a flow of dry NH; gas at
100°C. After the sample was saturated with
NH,, excessive and physically adsorbed NH,
molecules were purged away with an Ar flow at
the same temperature. The NH;-TPD was per-
formed by raising the system temperature from

Table 1
Acidic strengths of various SOZ~ /¥-Al,0, samples measured by
a Hammett indicator method

Samples Hy< Hy < H, <
—12.44% —13.75

0.2-S02~ /v-Al,0,4 +°
0.8-S02~ /v-Al,0,
1.6-802~ /v-Al, 04
2.4-SO3~ /Al,0,
3.6-S0OZ™ /Al,0,
4.8-SOZ~ /7-Al, 0,

|
—_
b
wn
Q2

+ 4+ 4+
b4+
Il H

* Indicators used for H, < —12.44 is p-nitrofluorobenzene, H, <
—13.75 is 24-dinitrotoluene and H, < ~14.52 is 2,4-di-
nitrofluorobenzene.
® <4 shows the color change from the basic form (colorless) to
acidic form (yellow) of the indicators, ‘—’ does not, and ‘+’
shows ambiguously.
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100 to 600°C in the Ar flow at a rate of 30 ml
min ', The evolved ammonia was trapped in a
H,BO,/NH,Cl solution located at the down-
stream of the flow and titrated with sulfamic
acid using an on-line automatic pH titrator.

FT-IR spectra of adsorbed pyridine (Py) were
used to distinguish the nature of acid sites (Lewis
or Brgnsted) on the testing samples. A Nicolet
730 infrared spectrometer was used for this
measurement. In this study, the disc samples
were dehydrated at 400°C for 2 h, and then
cooled down to 100°C for pyridine adsorption.
After pyridine adsorption, the samples were
purged with He gas at 150°C to remove the
weakly adsorbed pyridine.

2.4. XPS characterization

The surface composition of testing samples
were measured with X-ray photoelectron spectra
(XPS) using a PHI 1600 spectrometer. The vac-
uum of the spectrometer was better than 1 X
107® mbar during the spectra acquisition.

Testing samples were excited with Al Ka
radiation (1486.6 eV, 15 kV, 250 W). The
recorded B.E. was referred to C(1s) =284.8
eV. The surface composition was estimated from
the relative integral intensity (peak area) of the
S(2p) and Al(2p) lines.

2.5. Catalytic test

n-Butane isomerization was carried out in a
flow system with a fixed bed reactor to test the
acidic activity of prepared samples. Before the
reaction, each SO;~ /y-Al,O; sample was cal-
cined in a flow of air at 550°C for 3 h. The
catalytic conversion was measured at 300°C
with the feed about n-C, WHSV of 1 h™! and
H,/n-C, of 6 (molar ratio). The reaction prod-
ucts were analyzed with an on-line gas chro-
matograph using a FID detector and a 30 m
long, 0.53 mm i.d. capillary column (SE™-30).

3. Results and discussion
3.1. Sulfate species assignment

Fig. | presents the effect of H,SO, concen-
tration ([H,SO,]) on the sulfate loading (SL) of
prepared SO; /y-Al,O, sample. The obtained
curve clearly displays three stages of SO;~ up-
take. The SL increased linearly with [H,SO,] as
[HZSO4] < 0.8 M, slightly leveled off around
4-5 wt% in the [H,SO,] range of 0.8-1.6 M
and increased again after raising [H,SO, ] above
1.6 M. The increment of SL during [H,SO,] <
0.8 M may be due to the monolayer of surface
sulfate is not reached until [H,SO,] approaches
0.8 M. Beyond monolayer, the multilayer sul-
fate is formed, thereby leading to a further
increase of SL at [H,SO,]> 1.6 M.

Fig. 2 illustrates the DTG profiles of
SO; " /y-Al,O, samples impregnated with dif-
ferent [H,SO,]. The DTG results indicated that
a decomposition peak around 950°C appeared
while [H,SO,] < 0.8 M (Fig. 2b and c¢). In this
stage, the peak width became broadened toward
lower temperatures with an increasing [H,SO, ].
As [H,SO,] increased over 0.8 M, a second
peak appeared around 630°C. The intensity of
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Fig. 1. Effects of [H,SO,] on the sulfate loading (SL) of
SOF ™ /vy-Al,0, samples.
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Fig. 2. DTG profiles of (a) y-Al,0; and SO?~ /y-Al,O, samples
impregnated with [H,S0,] (b) 0.2 M, (c) 0.8 M, (d) 1.6 M, (¢)
24 M, (f) 3.6 M and (g) 4.8 M.

this peak increased successively with increasing
[H,S0,] (Fig. 2d-g). As [H,S0,]1>24 M, a
third peak at ca. 800°C appeared. The peak
temperature is similar to the decomposition tem-
perature of pure Al,(S0,); [15]. From the com-
parison between Figs. 1 and 2, it was indicated
that the large increment of sulfate loading at
[H,S0,]1>1.6 M (Fig. 1) resulted from the
formations of two sulfate species, as illustrated
by the appearances of two DTG peaks around
630 and 800°C (Fig. 2).

In this study, the S(2p)/Al(2p) XPS integral
intensity ratio was used to assess the dispersion
of SO}~ anions over the alumina surface. As
depicted in Fig. 3, the ratio increased linearly
with the SL up to 4.2 wt% (when [H,SO,] = 0.8
M). Beyond this sulfate loading, the ratio de-
parted from the linear relationship and became
concave down. The departure from the linear-
ship indicated a formation of multiayer sulfates.

Comparing the XPS results with the DTG
profiles (Fig. 2), the DTG peak at 630°C should
be contributed by the multilayer sulfates,
whereas the broad peak around 950°C results
from the surface sulfates. However, the interac-
tion strengths of the surface sulfates with -
Al,O, are different. It is indicated from profiles
in Fig. 2b and c that the surface sulfates initially
formed have a stronger interaction than those

0.20

Syp/Alp XPS Int. Ratio

0.05

0.00

c 2 4 6 8 10 12 14 16
SL(wt%)

Fig. 3. Variation of S(2p)/Al(2p) XPS intensity ratio with SL for
SOZ?~ /v-Al,0, samples.

deposit at latter times, hence, the peak around
950°C became broadened towards lower tem-
peratures with an increasing [H,SO, ].

Fig. 4 compares XRD patterns obtained from
the y-Al,0;, samples of SOZ™ /y-Al,O, and
the Al,(S0,),. Besides the pattern of y-Al,O,
(Fig. 4a), the SO2~/y-Al,0, samples impreg-
nated with [H,SO,] < 2.4 M (Fig. 4b and ¢) do
not exhibit any additional diffraction peaks.
When [H,SO,]>24 M (Fig. 4d and e), a

AN —
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Fig. 4. XRD patterns of () y-Al,0; and SO~ /¥-Al, O, samples
impregnated with [H,S0,] (b) 1.6 M, (c) 24 M, (d) 3.6 M, (e)
4.8 M and (f) AL,(SO,);.
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Table 2

Characterization of sulfate species on SOZ™ /v-Al,0,
[H,SO,] DTG NH,-TPD Py-IR
%)) o O

Surface sulfate < 0.8 950 400 and 220 Lewis acid

Multiayer sulfate > 0.8 630 220 Brensted acid
Al,(SO,), >24 800 - -

Sulfate species

characteristic diffraction peak (26=26°) of
crystallized Al1,(S0,), (Fig. 4f) appeared. A
comparison of the XRD results with the DTG
profiles reveals that the DTG peak at 800°C
(produced at [H,SO,] > 2.4 M) definitely comes
from crystallized Al,(SO,);. The DTG peak at
950°C does not show any XRD signals because
it belongs to surface sulfate. Whereas, the DTG
peak at 630°C should be an amorphous multi-
layer sulfate.

Accordingly, three sulfate species formed in
SO;~/y-Al,O, samples can be distinguished
by the DTG peaks. The peaks at 950°C, 630°C
and 800°C are assigned to the decomposition of
surface sulfate, amorphous multilayer sulfate
and crystallized Al,(SO,), respectively. The
formations of these sulfate species depend on
the [H,SO, ] of impregnating solution (Table 2).
The surface sulfate was the dominant sulfate
species at [H,S0O,] < 0.8 M. When [H,SO,] >
0.8 M, the multilayer sulfate was additionaily
formed. Until [H,SO,] > 2.4 M, crystallized
Al,(SO,); was formed concurrently with the
surface and multilayer sulfates.

3.2. Acidity measurement

Acidity is the most important catalytic func-
tion for sulfated metal oxides. Therefore, this
section attempts more thoroughly to understand
the acidic properties, including acidic distribu-
tion and nature, caused by three sulfate species
distinguished in the previous section.

Fig. 5 displays the NH,-TPD profiles for
y-Al,O, and the SO?~ /y-Al,O, samples. The
NH ,-TPD profile of y-Al,O; exhibited a broad
peak around 200°C (Fig. 5a). After the surface

sulfates were impregnated at [H,S0,] < 0.8 M,
two NH ;-desorption peaks were observed (Fig.
5b and ¢): one appeared around 400°C and the
other was located around 220°C. Both peaks
increased with [H,SO,]. Therefore, the surface
sulfates could induce two kinds of acid site: a
strong acid sites characterized by the peak
around 400°C and a weak acid sites character-
ized by the peak around 220°C.

As the [H2804] was increased over 0.8 M,
the intensity of 400°C peak remained un-
changed. The intensity of 220°C peak, however,
increased progressively as the multilayer sul-
fates were formed (Fig. 5d—f). Accordingly, the
multilayer sulfates created mainly the weak acid
sites. It should be mentioned here that pure
Al1,(S0,), after calcining at 550°C had no NH ;-
TPD peak (not shown) because it had no acidity
with H, < +0.8 [16].

Corma et al. [11] have used the NH,-TPD to
characterize the acidity of the SO}~ /ZrO, su-
peracid. A sharp peak at 542°C (815 K) was
found to characterize the superacidic sites. We
observed a peak around 400°C from our sulfated
alumina. Evidently, the superacidity of
SO; ™ /y-Al,0, in our study is weaker than

2.0

Rate ( NH; pmol min-1)

0.4t

00 20C 300 400 300 600
Temperature ( °C)
Fig. 5. NH;-TPD profiles of (a) ¥-Al,0, and SO}‘/}/—Ale3

samples impregnated with [H,S0,](b) 0.2 M, (c) 0.8 M, (d) 1.6
M, (e) 3.6 M and (f) 4.8 M.
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Fig. 6. FT-IR spectra of pyridine adsorbed on (a) y-Al,0; and
SO?~ /v-Al,0, samples impregnated with [H,SO,] (b) 0.8 M,
(c) 1.6 M, (d) 3.6 M. B: Py on Brgnsted acid sites; L: Py on Lewis
acid sites; P: adsorbed Py; S: sulfates on y-Al,0;.

their SO}~ /ZrO,. Hammett indicator tests con-
firmed that our SO;~ /y-Al,O, samples had a
weaker superacidity ( H, < —13.8, Table 1) than
S0Z~/Zr0, (H, < —16.0) [3].

Fig. 6 displays the Py-IR spectra of y-Al,O;
and various SO;~/7y-Al,0, samples. The seg-
ment of Py-IR spectra between 1700 and 1300
cm ™! have been well characterized in literature
[17]. Both peaks at 1610 and 1450 cm™' are
assigned to Py adsorbed on Lewis acid site
(assigned as L peaks in Fig. 6); the peak at 1540
cm~' is characteristic of Py adsorbed on
Brgnsted acid site (B peak); A peak at 1490
cm~! appears commonly for Py adsorbed on
either Lewis or Brgnsted acid sites (P peak).
The results showed only Lewis acid sites were
observed on pure y-Al,O; dehydrated at 400°C
(Fig. 6a). When only surface sulfates were im-
pregnated onto y-Al,O; at [H,S0,]=0.8 M,
the Lewis acid sites increased and a tiny
Bronsted acid sites appeared (Fig. 6b). That is,

the surface sulfates mainly induced the addi-
tional Lewis acid sites. When the multilayer
sulfates were formed at [H,SO,]> 0.8 M, the
Brgnsted acid sites increased (Fig. 6¢ and d).
Evidently, the multilayer sulfates created the
Brgnsted acid sites.

In addition to the L, B and P peaks, two other
peaks are found in the segment between 1400
and 1300 cm ™! from the Py-IR spectra of sul-
fated samples (Fig. 6b—d). The peak at 1380
cm™! is a characteristic peak of the sulfate on
metal oxide [18,19], while the peak at 1315
cm™! represents sulfate ions interacted with

pyridine [20].
3.3. Catalytic activity of n-butane isomerization

n-C, isomerization can be catalyzed by solid
superacids such as SO? /ZrO, and H-
mordenite [21,22]. Three different paths have
been proposed on the interaction of n-C, with
the solid superacids. On superacidic Lewis acid
sites (on SO;~ /Zr0,), n-C, could isomerize
directly to i-C, through a monomolecular car-
benium-ion mechanism [22],

AN A = ks L

Carbenjum Ion

(D

On superacidic Brgnsted acid sites (on H-
mordenite), i-C, can be produced by
monomolecular carbonium-ion mechanism [22],

A A R kN
HAH

Carbonium Ion

)

The isomerization of n-C; to i-C; needs a
superacidic site to catalyze [23]. On weak acidic
sites, n-CJ can only deprotonate into olefin and
produce Cs and low molecular hydrocarbons
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Table 3
Initial conversion * of n-C, to different products on various samples with 7 = 300°C, WHSV =1 h~ ', H,/n-C, (molar ratio) = 6
Samples Cy b C, i-C, Cs Total conversion Cs/i-Cy C,/Cy
y-AlL O, 0 0 0 0 0 — —
0.8-S02" /v-Al,0, 28 3.8 22 37 17.5 17 24
1.6-8077 /AL O, 42 9.5 20 42 19.9 2.1 23
3.6-S027 /ALLO, 27 9.7 1.3 4.0 17.7 3.1 24

* Initial conversion is measured at 5 min time-on-stream.
b e
Cy=C, +C,.

through oligomerization-cracking mechanism
(bi-molecular) [24],

/+\/—#£%/\/+/\/>/></—9c3+c5or 26
(3

The ratio of C,/i-C, in the isomerization of
n-C, therefore depends on the acidic strength of
the solid superacid. A strong superacid favors
the isomerization to i-C, (through the path (1)
or (2), with a C,/i-C, ratio approaching 0)
while a weak superacid favors the formation of
C, (through the path (3), C,/i-C, > 1).

In this study, we used n-C, isomerization at
300°C as a test reaction to study the acidic
activities of the sulfate species characterized on
SO;™/y-Al,0;. Table 3 presents the initial
conversions (5 min time-on-stream) of n-C, at
300°C on the 0.8-, 1.6- and 3.6-SO; /y-Al,O,
catalysts characterized previously. Pure y-Al,0O,
did not show any activity towards n-C, isomer-
ization at 300°C. The conversion to i-C, on the
SO; ™ /y-Al,0; catalysts was low (ca. < 2%)
but significant. Among three SO;~/¥-Al,O,
catalysts studied, the 0.8-SO; /y-Al,0, had a
maximum conversion to i-C,, although the cat-
alyst possessed the lowest sulfate loading on
comparing with the others (1.6- and 3.6-
SO;~/y-Al,0,). It was therefore deduced that
only surface sulfate can initiate the n-C, iso-
merization. The reduction of the i-C, conver-
sion on 3.6-SO;”/y-Al,0, was attributed to
blockades of the n-C, diffusion to the surface
sulfate by the multilayer sulfate and crystallized

Al,(SO,); formed at higher [H,SO,]. The
slightly larger total conversion on 1.6-SO; /-
Al,O; and 3.6-SO;”/¥-Al,O; indicated the
contribution of the Brgnsted acid sites to the
activity was insignificant due to their weak
acidity. The last two columns in Table 3 list the
ratios of C/i-C, and C,;/C,. The observed
C,/i-C, > 1 indicated the isomerization of n-C,
proceeded mainly by oligomerization-cracking
mechanism (path (3)), and the observed C,/C,
> 1 suggested that a great part of C; can be
produced by a successive oligomerization-crack-
ing reaction [8].

4. Conclusions

DTG is a good technique for characterizing
sulfate species on sulfated alumina. Three dif-
ferent species, i.e., surface sulfate, multilayer
sulfate, and crystallized Al1,(SO,); can be iden-
tified from their decomposition temperatures.
The surface sulfate possesses a high thermal
stability, and induces a superacidity (H, <
—13.8) that is capable of isomerizing n-C, to
i-C,. The multilayer sulfate exhibits a lower
thermal stability and a weaker acidity. Crystal-
lized AL,(SO,), is a neutral species. The latter
two species are inactive towards n-butane iso-
merization.
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