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Catalysts consisting of heteropoly acids (HPASs) supported on different silica and mesoporous molecular sieves have been prepared
by impregnation and the sol-gel method, respectively, and their catalytic behavior in fixed-bed akylation of isobutane with butene has
been investigated. The activity, selectivity and stability of the supported-HPA catalysts could be correlated with the surface acidity of
the catalysts, the structure of supports as well as the time on stream (TOS). In the fixed-bed reactor, the acidity of the heteropoly acid
is favorable to the formation of dimerization products (C3°); especialy, the pore size of supports was seen to have an important effect
on activity and product distribution of the catalysts. Contrary to the traditional solid-acid catalysts, the supported-HPA catalysts own
an excellent stability for akylation, which makes it possible for these supported catalysts to replace the liquid-acid catalysts used in

industry.
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1. Introduction

The alkylation of isobutane with n-butene allows the
preparation of a gasoline cut with a high octane number.
Commercially, only concentrated sulphuric acid and anhy-
drous hydrofluoric acid are used as catalysts [1-4]. Unfor-
tunately, the expected increase in alkylation capacity in the
coming yearsisrelatively low dueto limitationsimposed on
the use of highly corrosive and contaminating acids as com-
mercial catalysts. Therefore, theincreased akylation would
dramatically changeif the liquid acids could be replaced by
new solid non-contaminant catalysts. Much effort has been
made in the last decades along this line, for example, ze-
olites [5], ion-exchange resins [6] and solid superacids [7]
have been studied as potential alkylation catalysts. But, the
alkylation itself has a specia nature:

e The alkylation requires an acidity as much as or higher
than 100% H,SO,, i.e.,, a Hy < —12.

e Temperature must be low (<50°C) in order to optimize
the yield and product quality because the alkylation is
exothermal.

So, based on these requirements of the alkylation, de-
spite the potential benefit presented by solid catalysts, zeo-
lites, ion-exchange resins as well as solid superacids have
still not achieved commercial use as akylation catalysts
due to the fast catalyst decay [8].

Heteropoly acids (HPAS) have attracted increased inter-
est in catalysis owing to their molecular structure and prop-
erties, especially, heteropoly acids own high acid strength
which can be comparable with H,SO,4 [9]. Recently, two
papers about the reactivities of cesium sats of SiWy, and
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PWj, in the alkylation of isobutane with 2-butene have
been published [10,11]. In our previous work, we have
systematically investigated the catalytic behavior of HPAs
(PW1, and SiW3) and their salts in liquid phase on the
alkylation of isobutane with n-butene [12]. In this work,
we report the results of the alkylation catalyzed by HPA
catalysts supported on various SiO, supports, and study the
effect of structure of supports on the activity, selectivity
and stability of the catalysts in the akylation reaction.

2. Experimental
2.1. Preparation of supported catalyst

2.1.1. Impregnation

Supported-HPA catalysts were prepared by impregna
tion of commercial SiO, (designed &), modified SiO, (car-
ried out by steam-treatment of commercial SO, at 40 and
50 atm pressure, and designed Sy and Ssp, respectively)
and mesoporous molecular sieves (MCM-41 and HMS)
with an agueous solution of PW1, or SiW;,, followed by
vigorous stirring at approximately 100 °C. The precipitates
obtained together with the solution were subsequently evap-
orated until dried samples were obtained. In this case, the
HPA content for all supported catalysts was about 50 wt%.

2.1.2. Sol—gel method

Silica-included H3PW12040 (or H4SIW1204) was pre-
pared by the sol—gel method according to the literature [13].
After extraction with hot water at 80°C for 3 h, filtering
and then washing with water, no H3W1,049 was detected
in the washed liquid.
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2.2. Reaction isobutane-butene mixture with molar ratio of 10. Under
these conditions, both reactants and products are in liquid

The alkylation experiments were carried out in a fixed- phase. A preliminary experiment was carried out treating
bed stainless steel reactor heated by an electric furnace at  the catalyst at 150°C in situ for 2 h in anitrogen flow prior
80°C reaction temperature (see figure 1), 0.8 MPa tota  to the reaction. Once cooled to 80 °C, the feed mixture en-
pressure, a space velocity (LHSV) of 2 h—? referred to  tersthe reactor which is maintained at the reaction pressure
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Figure 1. Schematic representation of the isobutane—butene alkylation system.

004 12
2
5
4
8

. 9
fa | 15 20
B

67

19
21 23
22
3 10 17
1 MR 18
14(16 24,
Il A
LV /\/\\A_A‘ AL\
e B B e e S e i i o e
0 300 400 500 600 700 800

Figure 2. Products distribution of the alkylate over the supported heteropoly acid cataysts: (1) 2,2,3,3-tetramethylbutane, (2) 2,4,4-trimethylpentene-1,

(3) 2-methylheptene-3, (4) 2,4,4-trimethylpentene-2, (5) undecene-3, (6) 2,3-dimethylhexene-2, (7) 4-methylheptene-3, (8) 3,4,4-trimethylhexene-2,

(9) 2,5-dimethylhexene-2, (10) 2,2-dimethylhexene-3, (11) 2-methyl-3-ethylpentene-1, (12) 2,3,4-trimethylpentene-2, (13) 3,3-dimethyloctene-1,

(14) 4-methylheptene-3, (15) octene-4, (16) 2,5,5-trimethylhexene-2, (17)—«22) trimers of 2-methylpropene, (23) decene-1, (24)—(26) tetramers of
butenes.
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in a nitrogen atmosphere. The reaction stream coming out
of the reactor is then condensed with dry ice in order to
collect the products totally.

After the experiment was completed, the condensate was
first evaporated slowly at about —10°C to eliminate the re-
actants while the residue as products was quantitatively an-
alyzed in the GC using a FID detector after seperation of the
individual compoundsin a50 m capillary column (XE-60).
Individual hydrocarbons were identified by GC-MS. Spec-
trometric component analyses of alkylates are shown in fig-
ure 2.

3. Results and discussion
3.1. The activity and selectivity of the supported catalysts

The product distribution of the alkylates obtained at 4 h
TOS on the different supported catalysts is presented in
table 1.

It can be observed in table 1 that the parent acids, PW;;
and SiW1,, areless active than the supported HPAs. Thisis
explained by the very low surface area of the parent acids.
In the case of all supported catalysts, it can also be seen
that, compared to liquid-phase alkylation [12], very little
amounts of alkylate oil (butene conversion) are obtained in
the fixed-bed reactor, and a product distribution toward the
formation of octenes, which are mainly formed by dimer-
ization of the butenes on acid sites of weaker acidity (cf.
figure 2). These results indicate that on these samples,
with low concentration of strong Brensted acid sites, the
product distribution could be explained in terms of dimer-
ization. There is, however, another important factor which
has to be considered in order to explain the majority of
Cg products: the ability of the HPA/support to catalyze
hydrogen transfer reactions. For the alkylation processed
in the fixed-bed reactor, the fact that the time of contact of

the isobutane-butene mixture with the catalyst is not long
enough could decrease the capacities of 2,2,4-TMP*™ and
hydrogen transfer.

On the other hand, it can also be seen that the acidity of
supported catalysts has an effect on the activity. The acid-
ity of heteropoly acids and their salts has been frequently
determined by common characterization techniques such as
Hammett indicators [14,15], TPD of NH3 [16,17] or pyri-
dine [18,19] and NMR spectroscopy [20]. Here, Hammett
indicators were used to measure the acidity of supported
catalysts. The results are listed in table 2.

It can be observed in table 2 that a correlation between
the acidity measured by Hammett indicators and the cat-
alytic acitivity for akylation is found. Generally, to deter-
mine the catalytic activity of supported catalysts for alkyla-
tion requiring different acidities is probably the best way to
study the surface acidic characteristics of these catalysts. In
this sense, our results obtained for isobutane/butene alky-
lation, a reaction requiring strong acid sites, showed that
the activity can be correlated with the surface acidity of
the supported catalysts, giving a maximum for PW1,/S,,
SinZ/S(), P\NlZ/HMS, and SinleMS (Ho ~ —12.77).
In respect to heteropoly acids, it can be found that the ac-
tivity of supported-S\Wi, catalysts is higher than that of
supported-PW1, catalysts. The reason is that SiW1,03, of
the heteropoly anion is much softer than PW1,035 , which
makes it easier for Sinzoz‘g to form a stable coordina-
tion while combining with ¢-C; [21]. For this reason,
the activation energy for the alkylation is lowered. More-
over, supported-PWq, catalysts give higher selectivity to
Cg products as compared to SiW1»/support. Since the acid
strength required to perform the different reactions occur-
ring during isobutane-butene akylation decreased in the
order: cracking > alkylation > dimerization (oligomeriza-
tion) [22], these results suggest a higher acid strength of
the surface protonsin PWy,. Furthermore, supported-PWs,

Table 1
Alkylate product distribution (TOS=4 h) for supported catalysts.

Catalyst ng_g SiW12/SO §W12/S40 SiW12/550 ng_g/M CM-41 SinleMS SiOz-iI"ICl uded—Sinz
Weight of alkylate (g/g cat) 0.1 0.42 0.25 0.07 0.22 0.26 0.15
Yield of alkylate? (%) 3.96 16.4 8.92 2.92 9.20 108 6.25
Product distribution (wt%)

Cs—Cy 243 2.35 1.36 3.88

Cs 74.6 72.2 73.3 50.2 61.5 81.6 63.3

Total Cg 193 1.87 1.32 1.06 231 2.89 1.46

CSL 21.04 159 25.4 48.7 23.7 11.5 34.94
Catal ySt PW1, PVV12/SO PVV12/M CM-41 F’\NJ_Q/H MS S 02-i ncluded- PW1,
Weight of alkylate (g/g cat)  0.09 0.27 0.16 0.17 0.13
Yield of akylate® (%) 320 104 8.0 8.70 5.01
Product distribution (wt%)

Cs—Cy 2.85 2.70 1.45 113 127

Cs 76.4 735 59.3 60.3 76.6

Total C3 201 340 221 0.93 243

CSL 19.1 10.4 213 37.7 19.7

2Based on butene.



Table 2

The acidity of supported catalysts measured by Hammett indicators.2
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aSymbol “+" shows the color change of indicators; “—" shows no change
of indicator color.

Table 3
The textural properties of various supports.

Support S Sao S5 HMS

Surface area (m?/g) 473 64 48 >900 972.4
Pore diameter (A) 36 212 299 44 52

MCM-41

catalysts would give a high selectivity toward the Cg prod-
ucts with the increase of the acid strength, in accordance
with the above hypothesis. These genera concepts of the
acidic property of heteropoly acids have been summarized
in arecent paper of Kozhevnikov [23].

In regard to the distribution of the individual hydrocar-
bons, it can be seen that the textural properties of supports
(including surface area and pore size) play an important
role. The textural characteristics of supports are given in
table 3.

For three SIO, samples, the activity of catalystsincreases
with the specific surface area. The effect of the structure
of supports can aso be obviously observed on the selec-
tivity to Cg. The results given in tables 1 and 2 indicate
that the yield of alkylate oil and the selectivity to Cg de-
crease when increasing the pore diameter of the support.
This result is in agreement with that reported in the litera-
ture [24]. The researchers have found in the alkylation of
benzene with alkene that, in order to design highly active
and selective akylation catalysts, one has to achieve a cat-
alyst with suitable pore diameter which is not too large and
too smal. And they have assumed that a composition in
which the pore size of 70% of the pores is dightly larger
than reactants is favorable to the activity and selectivity
of the supported catalysts, and the pore size of the other
30% of the pores must be much larger than the reactants
so that it can prevent poisoning of catalyst and producing
the side products. As said above, it can be concluded that
the higher catalytic activity and selectivity of the catalyst
supported on commercia SIO, (Sy) can be ascribed to its
ideal pore size and suitable distribution proportion; on the
other hand, as far as modified SIO, (Ss and Ssp) is con-
cerned, the higher amount of Cy hydrocarbons which are
formed by oligomerization is ascribed to its pore size, all
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Figure 3. Change in yield of akylate oil with TOS obtained during isobu-
tane/butene akylation.
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Figure 4. Change in selectivity to Cg with TOS obtained during isobu-
tane/butene akylation.

of which may be much larger than that of the reactants.
At this point it appears that the alkylation properties of a
given supported catalyst are determined by support factors
such as surface area, especially pore structure. In addition,
for mesoporous molecular sieve supports, such as MCM-41
and HMS, despite of their higher surface area, the critical
effect of pore size would make the activity and selectiv-
ity of catalysts lie between those of catalysts supported on
commercial SiO, and modified SiO,.

3.2. The stability of supported catalysts

The change in the activity and selectivity with time on
stream (TOS) for SIW12,/MCM-41 and PW1,/HMS is pre-
sented in figures 3 and 4. It can be seen that, under our
reaction conditions, the supported-HPA catalysts seem to
own an excellent stability and the activity of catalysts tends
to keep unchangeable even after higher TOS of 8 or 12 h.
Their stability is much higher than those of the zeolites [24]
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and solid superacids [7] reported in literature, whose ma-
jor drawback as alkylation catalysts is catalyst deactivation
which occurs after a few minutes. In order to further dis-
cuss the deactivation behavior of the catalysts, it could be
interesting to study the change of the different components
of the product with catalyst aging. Thus, the change in se-
lectivity to Cg with TOS for PW1,/HMS and SiW1,/MCM-
41 is given in figure 4. In two cases, the selectivity to
Cg products rapidly decreases with TOS. It has been re-
ported in literature that the strongest Brensted acid sites
were responsible for the alkylation reaction (formation of
Csg), while oligomerization (formation of Cg.) mainly oc-
curred on the weakest sites. Based on the results, it can be
concluded that the stronger Bransted acid sites deactivate
with increase of TOS. This probably occurs as a conse-
guence of acid site poisoning and pore blockage by large
molecules formed mainly by oligomerization reaction. The
decrease in the stronger acid sites is responsible for an in-
crease of the Cyy products, which is accompanied by a
decrease in selectivity to Cg.
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