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Abstract

Sulfated aluminas (SO~ /y-Al,0,) were prepared via impregnation of different commercial y-Al,O, with different
sulfate solutions (H,80,, Al,(SO,);, (NH,),S0,, Na,S0,). The amount of superacidic sulfate strongly depended on both
precursors of y-Al,O, and the impregnating solution. A higher loading of superacidic sulfate would be created when
v-Al, O, possessing more strong basic OH groups on the surface was impregnated with stronger acidic solution (H,SO,).
The amount of the strongly basic OH groups was related to the fraction of octahedral Al** in the bulk structure. In addition,
the SOZ~/MgAl,O, sample was found to have more superacidic sulfate with a stronger acidity (H, < —14.5) than
SOZ~/v-Al,0, (Hy < —13.8) for more and stronger basic OH groups on MgAl,O, than y-Al,0,. © 1997 Published by
Elsevier Science B.V.
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1. Introduction Alumina is generally used as the support of
industrial catalyst, because it can be formed
easily. Arata et al. has reported that sulfated
alumina (SO}~ /Al,0,) was a superacid with
H, < —14.5 [12] and could be prepared from a
well crystallized oxide as y-Al,O,, which has a
high surface area and can be obtained commer-
cially. Therefore, the easy forming and prepara-
tion of the SO} /Al,0, with a high su-
peracidic density attracted our attention.

In the previous study [13], we have character-
ized three sulfate species i.e. surface sulfate,
multilayer sulfate and crystallized Al,(SO,),
formed in SO}~ /y-Al,0; samples. These sul-
fate species were formed at different concentra-
tions of H,SO, and may be distinguished by the

* Corresponding author. DTG peaks at 950, 630 and 800°C, respectively.

A solid superacid is a solid material which
shows an acid strength higher than 100% H,SO,
(H,= —12) [1]. Several types of solid su-
peracids have been developed in literature and
applied to acid-catalytic reactions such as iso-
merization and alkylation of paraffins [2—4],
dehydration of alcohols [5,6], etc. The sulfated
metal oxides (SO; /MO,) was one series of
solid superacids. Among them, sulfated zirconia
(SO;~ /Zr0O,) with a superacidic strength up to
Hy< —16.0 and a good activity in n-butane
isomerization have attracted a great deal of
discussion in literature [4,7-11].
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Among them, only surface sulfate showed a
superacidity with H, < —13.8 and was formed
at [H,SO,] < 0.8 M. In this article, we intend to
understand the effects of precursors (including
supports and impregnating solution) on the
amount of the superacidic surface sulfate and
find the factors to increase this sulfate.

2. Experimental
2.1. Sample preparation

Two series of SO2~ /y-Al,O, samples were
prepared in this study. One series was prepared
by impregnating commercial y-Al,0, (Merck)
with different 0.5 M sulfate containing solution
(including H,SO,, Al,SO,);, (NH,),SO,,
Na,SO,). The other ones were prepared by
impregnating different y-Al,0; (Merck, Kaiser
and Degussa, denoted as 7y-Al,0,(M), 7y-
A1, 04(K), y-Al,0,(D), respectively) with 0.5
M H,SO,. SO?”/MgAl,O, sample was pre-
pared by impregnating MgAl,O, (Chinese
Petroleum Corp.) with 0.5 M H,SO,. All sam-
ples were stirred in the impregnating solution
for 10 min and then the impregnated slurrys
were filtered and dried at 110°C for 12 h and
calcined at 550°C for 3 h. Obtained samples
were stored in vials as testing samples (sealed
with parafilm) for subsequent characterization.

2.2. Thermogravimetric analysis (TGA / DTG)

The content of sulfate in each samples was
determined gravimetrically on a Seiko TG /DTA
300 instrument. After a 30 min 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 y-Al,0; was
used as a blank in the reference port to compen-
sate the possible interference from the desorp-
tion of hydroxyl groups on the surface of -
Al,0;. The sulfate loading (SL, wt%) of testing
samples was estimated from the weight loss
(Am) between 400 and 1200°C. The SL was

further converted into a specific sulfate loading
(sSL, with a unit of Ngo2- nm™2, where Ngq;-
denotes the number of sulfate calculated from
the Am on assuming the evaporated constituent
was SO,). DTG profiles were obtained by dif-
ferentiating TGA.

2.3. Acidity measurement

The acidic strength of the testing sample was
characterized by a Hammett indicator method.
The detail procedures may be found from the
literature [14]). The indicators used in this article
had a pK, value between —12.4 and —14.5
(Table 3).

The acidic distribution of the testing sample
was determined by 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 exposure to a flow of dry
NH, gas at 100°C. After the sample was satu-
rated with NH;, excessive and physically ad-
sorbed ammonia were purged away at a similar
temperature with an Ar flow (100 ml min™').
The NH,-TPD was performed from 100 to
600°C in the Ar flow (30 ml min~'). The
evolved ammonia was trapped in a boric
acid/NH ,Cl solution and titrated by sulfamic
acid with a on-line automatic pH titrator.

24. FT-IR

The OH vibrational frequency of the testing
sample was measured by FT-IR (Nicolet 730) to
detect the amphoteric properties of the surface
sites. In this study, the disc samples were dehy-
drated at 300°C for 1 h in a flow system before
each measurement.

2.5. /A1 MAS NMR

“’A1 MAS NMR were measured on a Bruker
MSL-300 spectrometer at 78.2 MHz. The spin-
ning rate was about 4 kHz. A 7/12 pulse of 1
ps was used to minimize the electric field gra-
dient (EFG) effects in quantitative work [15]
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and the recycle delay was 0.2 s. The chemical
shifts were referred to AI(H,0)2* used as an
external standard.

3. Result and discussion

Fig. 1 shows the effect of the impregnating
solution on the DTG profiles of various
SO~/ y-Al,0,(M) samples. All DTG profiles
displayed a broad band with the maximum in-
tensity around 950°C. The peak comes from the
decomposition of the superacidic surface sul-
fate, as identified in the previous paper [13].
Apparently, the peak area around 950°C (that is
SL, sulfate loading estimated from the TG pro-
file) largely depended on the used sulfate solu-
tion. Under the same impregnating condition,
the samples prepared from H,SO, obtained the
largest sulfate loading. On the other hand, the
samples from Na,SO, possessed scarce sulfate
loading. The sequence of the SL in order of the
impregnating solution is H,SO, > Al,(SO,), >
(NH,),SO, > Na,SO, (Table 1). Interestingly,
the sequence is the same as their acidic strength,
characterized by the pH value of the solution
(Table 1). This occurrence obviously indicates
that the acidity of the impregnating solution
plays an important role in the formation of the
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Fig. 1. Effects of sulfate impregnating solution on the DTG
profiles of SOI™ /y-Al,0,(M) samples: (a) H,SO,, (b}
Al,(SO,),, (¢} (NH,),S0, and (d) Na,SO,.

Table 1
pH value of various impregnating solutions and sulfate loadings of
corresponding sulfated samples

pH value of SL sSL

Samples

solution ® (wt%)  (Ngi:- nm~ 2)
Na$ * /y-AlLLO(M)  6.07 0.09 006
AmS /y-Al,O,(M) 532 0.75 0.51
AlS/y-Al,O,(M) 2.51 1.60 1.09
HS/y-AL,04(M) 0.30 1.88 1.28

" NaS, AmS, AIS and HS represent Na,SO,. (NH,),S0,.
Al,(SO,), and H,S0,, respectively.
"[SO}"]=05M.

superacidic sulfate. It was proposed that this
sulfate was formed in two steps. At first, OH
groups on y-Al,O, were protonated in acidic
solution (Eq. (1)) and then, sulfates attacked the
AI’" ions easily by removing water (Eq. (2)).

OH OH OH, OH,
+2HY o ——— (1)
Al Al Al Al
o, 0
+ + /s\
OH; OH, (2)

J Yo
+ 80} — —f—4— + 2HO
Al Al Al Al

To understand whether the basicity of OH
groups on 7y-Al,O, could also influence the
formation of the superacidic sulfate, three com-
mercial y-Al,O; with different amphoteric
properties of OH groups were used as the sup-
ports to prepare the SO; /y-Al,O, samples.
Fig. 2 displays the segments of IR spectra for
three y-Al,O; supports. These y-Al,O; showed
a quite different vibrational intensity above 3750
cm™ !, characterized as basic OH groups by
Knozinger et al. [16]. The intensity above 3750
cm™! was in the order of y-Al,0,(K)> y-
Al,O4(M) > y-Al,0,(D). Therefore, the IR re-
sults indicated that the number of basic OH
groups was in the order of y-AlL,O(K)> y-
Al,0,(M) > y-Al,0,(D).

Fig. 3 displays the support effect on DTG
profiles of sulfated samples. The DTG profiles
of three SO; ™ /y-Al,O, samples showed simi-
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Fig. 2. Segments of FT-IR spectra for three yAl,0;: (a) ¥
ALO,(D), (b) ¥AL,0,(K), (c) ¥Al,0,(M) and (d) MgAL,0,.

lar peaks around 950°C but with different peak
areas. The peak area (SL) was in the sequence
of y-AlL0,(K) > y-Al,0,(M) > y-Al,04(D)
(Table 2). In correspondence with the IR results
(Fig. 2), it was demonstrated that more basic
OH groups would create more superacidic sul-
fates.
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Fig. 3. DTG profiles of three SO}~ /v-Al,0; samples: (a)
S0}~ /7-ALOy(K), () SO;™/¥-ALO;M), () SO /y-
Al,04(D) and (d) SO}~ /MgAl,O, sample.

Table 2
Physical properties of various supports and sulfate loadings of
corresponding sulfated samples

Samples Support Sulfate
properties loading
area F. SL sSL
(m2 'g_ l) (Wt%) (NSO}_ nm—Z)
SOZ™ /vAl,O4(D) 118 063 137 0.87
SOZ™ /y-Al,04(K) 234 069 3.18 1.02
S0}~ /vAlL,O,M) 110 074 188 1.28
SO2~ /MgAl, O, 100 080 215 1.6l

According to these results of the impregnat-
ing solution effect and the support effect, it was
concluded that the formation of the superacidic
sulfate was determined by the protonation of the
basic OH groups in acidic impregnating solution
(Eq. (1))

The most superacidic sulfate loading of
SOZ~ /v-Al,0,(K) sample may be due to the
largest surface area of y-Al,0,(K) (Table 2).
To exclude the influence of the surface area of
v-Al,O;, we compare the specific sulfate load-
ing (sSL and in units of Ngp;- nm ~2, obtained
from SL divided by surface area of 'y-Al ,0;) of
these samples. The sequential order of sSL be-
came y-Al,0,(M) > ¥-Al,0,(K) > y-Al,0,(D)
(Table 2). Accordingly, it may be suggested that
the basic OH groups on ¥-Al,0,(K) were more
than y-Al,0,(M), but those per unit surface
area on vy-Al,O,(M) were more than 7y-
Al,04(K).

The number of basic OH groups per unit
surface area seem to be difficult to estimate.
Knozinger et al. [16] have proposed that the
amphoteric properties of OH groups would be
influenced by the coordinating condition of Al>*
(octahedral or tetrahedral Al**) linked to OH.
From his net charge estimation of OH groups, it
may be deduced that more octahedral AI** in
v-Al,05; would produce more basic OH groups
on the surface of y-Al,0,. Hence, we consid-
ered that the number of basic OH groups per
unit surface area may be predicted by the coor-
dinating condition of AI’* in y-Al,0,. MAS
“A1-NMR is a good technique to detect the ratio
of octahedral to tetrahedral Al quantitatively
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when using a pulse width smaller 7/6 [15]. Fig.
4 shows the MAS “AI-NMR of three y-Al,0,.
All the samples showed two peaks. One located
around 55 ppm was tetrahedral Al** and the
other around 5 ppm was octahedral AI**. The
fraction of octahedral AI** (F, ) was estimated
below.

FOCt.= Ioct‘/(ltet.+ I()Cl) (3)

where I, and I was the intensity of the
corresponding peak in MAS “AI-NMR spectra.
The F,, result demonstrated the fraction of
octahedral AI** increased in a trend similar to
the increasing order of sSL, as shown in Table
2. Tt is indicated that the number of basic OH
groups per unit surface area and subsequently
the sSL (loading of the superacidic sulfates per
unit surface area) was correlated to the fraction
of octahedral Al**. Hence, y-Al,0, with a
higher surface area and more octahedral Al**
was needed to create a higher density of su-
peracidic sites.

The increase of octahedral Al** was accom-
panied with a decrease in the surface area for
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Fig. 4. MAS “Al-NMR spectras of three y-Al1,0;: (a) y-A1,0,(D),
() y-Al,04(K), (¢) y-Al,0,(M) and (d) MgAl,0,.
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Fig. 5. XRD patterns of (a) MgAl,0, and (b) SO; ~ /MgAl,0,.

the formation of ¢- and a-Al,O, as the calcina-
tion temperature exceeded 800°C [17]. There-
fore, it seems impossible to find a high surface
area of y-Al,O; with all AI’" in octahedral
sites. Normal MgAl,0, has the structure of a
spinel in which all Al** is in octahedral sites
and Mg>" in a tetrahedral position. Therefore,
MgAl,0, has more and stronger basic OH
groups than y-Al,O,, as its IR result shows in
Fig. 2. Accordingly, sulfated MgAl,O, should
have more and stronger superacidity than sul-
fated y-Al,0O;.

Fig. 5 shows the XRD patterns of our used
MgAl,O, and SO2~/MgAl,O,. The patterns
indicated that the MgAl,O, had a spinel struc-
ture and the structure was not destro;'ed after
sulfation. Fig. 4d shows the MAS *Al-NMR
spectrum of the MgAl,O,. Its value of F,, was
estimated to be 0.80. The F_, value indicated
that the MgAl1,0, had some Al** in tetrahedral
sites, but the F,, was larger than any F_, of
¥-Al,0; used in the present article (Table 2).
Hence, the sSL of the SO}~ /MgAl,O, sample
was larger than the sSL of SO; ™ /y-Al,0, sam-
ples (Table 2).

The DTG profile of the SO;” /MgAl,0,
sample is shown in Fig. 3d. This sample had a
DTG peak around 990°C, which was 40°C higher
than the SO2~/y-Al,0O, sample. The sulfate in
the SO} /MgAlL,O, sample induced a su-
peracidity at H, < —14.5 (Table 3), also
stronger than the SO7~/y-Al,O, samples. The
higher thermal stability of the superacidic sul-
fate may be due to the stronger interaction
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Table 3
Acidic strengths of various sulfated samples by a Hammett indica-
tor method

Samples Hy< Hy < Hy<
~12.44°% —13.75 —~14.52

SO}~ /¥-Al,0,(D) +°
SOZ™ /y-Al,0,(K) +
SO}~ /y-Al,0,(M) +
SO7~ /MgAl,0, +

+ 4+ + +
+HH

* Indicators used for Hy < —12.44 is p-nitrofluorobenzene, for
H, < —13.75 is 2 4-dinitrotoluene and for 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.

existing between SO;~ and OH groups of
MgAl,O,. According to Egs. (1) and (2), the
stronger interaction indicated the basicity of OH
groups on MgAl,O, was stronger than y-Al,O;.
Furthermore, the stronger the interaction was,
the stronger the inductive effect of SO;~ on
A13*, therefore, the superacidity of
SO2?~ /MgAl,O, was stronger than SOZ™ /-
Al O,.

Accordingly, we demonstrated their su-
peracidities by comparing the NH,-TPD pro-
files of two SOZ™/y-Al,0, samples and the
SO2~/MgAl,0, sample. Fig. 6 shows the

1.6 T T T —r
.’-\'\
- RN
l‘: i’ \
RS - i LT .
g i P
1 AY
I i :
B i
3 !
® 0.8 T 4
jer]
Z
AN
[
-
o
x 04 F B
0.0 -~ A— L —

100 200 300 400 500 600

Temperature / °c

Fig. 6. NH,-TPD profiles of (a) SO /y-Al,0,(M), (b)
SOZ™ /v-Al,04(K) and (c) SOZ~ /MgAl,0,.

NH,-TPD profiles of SO;™/y-Al,0,(M),
SO; ™ /v-Al,0,(K) and SO}~ /MgAL,O,. These
samples expressed two peaks in the profiles: a
low-temperature peak and a high-temperature
peak, corresponding to the weak and strong acid
sites, respectively. The NH,;-TPD of
SO;~/MgAl,0, expressed a high-temperature
peak around 420°C, while the SO}~ /y-Al,O,
samples showed the peak around 380°C. The
result indicated also that the SO;~/MgAl,O,
sample possessed stronger acidic sites than the
SO;~/y-Al, 0, samples.

4. Conclusion

The amount of superacidic sulfate strongly
depended on both precursors of y-Al,O0, and
impregnating solution. The stronger acid
strength is the impregnating solution and the
more and stronger basic OH groups the supports
have, the more superacidic surface sulfates are
created. Furthermore, the number of basic OH
groups per unit surface area is found to be
correlated to the fraction of octahedral Al**.
The SO;/MgAl,O, sample possesses larger
specific sulfate loading and stronger superacid-
ity than SO; /y-Al,O, samples because
MgAl,O, has more and stronger basic OH
groups per unit surface area than y-Al,O;.
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