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Acid properties of the oxides A1203, Si02, Ti02, Sn02, Sb203, Zr02 and ZrSiO4 were modified
by the action of Lewis acids. The acids (Aid3, TiC14, PCI5, SbF5 and P205) were deposited
on the oxides by sublimation at 150, 250 and 350°C. The strength and number of acid centres
of the prepared catalysts and their catalytic activity in hydrocarbon reactions were determined.

The surface acidity of some oxides can be markedly affected by their chemical
modification by Lewis acids1 . The aim of this work was the synthesis of acid
catalysts by deposition of the Lewis acids (Aid3, TiCI4, PCI5, SbF5 and P205) on
the oxides (A1203, Si02, Ti02, Sn02, Sb203, Zr02 and ZrSiO4) and characterization
of their acidic and catalytic properties. The present work continues our previous
study5 on the impregnation procedure for the synthesis of strongly acidic catalysts
by modification of the same oxides.

EXPERIMENTAL

Compounds used. The same oxides as in our previous work5 were used for the synthesis of acid
catalysts. The surface area of the oxides caicined at 150, 250 and 350°C was almost identical to
the surface after calcination at 105°C (ref.5). Antimony pentafluoride (Merck, per analysis),
aluminium chloride (Fluka, pure, Fe < 0O08%), phosphorus pentachioride (Reachim, pure),
titanium tetrachloride (Fluka, technical purity grade), phosphorus pentoxide (Lachema, per
analysis), dimethyl zinc (prepared according to the reported procedure6).

Catalyst preparation. The oxide dried at 150, 250 and 350°C, respectively (nitrogen flow rate
30 mI/mm) was treated for 30 mm with the modification agent (AId3, TiCI4, PCI5, SbF5 or
P205) in a stream of nitrogen at the same temperature at which the oxide was dried. The excess
modification agent (i.e. the agent which did not react with the oxide surface) was removed by
heating the sample in nitrogen (flow rate 60 mi/mm) at 350°C for 80 mm. The properties of
prepared samples were characterized similarly as in our previous work5. The content of surface
OH groups in the starting oxide was determined by titration with dimethl zinc6.
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RESULTS AND DISCUSSION

Aluminium Oxide (Alumina)

The starting alumina after calcination at 150, 250 and 350°C contained 418, 362
and 256 mmol/g OH groups, respectively. The content of the modifying elements
on alumina surface due to the use of the modification agents is given in Table I.

The chemical modification of alumina resulted in most cases in an increase of both
the total number of acid centres (pyridine sorption) and the number of strong acid
centres (benzene sorption). The maximum strength of acid centres depended
markedly on the used modification agent. As found, the sample modified with alu-
minium chloride, titanium tetrachloride, and phosphorus pentachloride showed
superacid centres; the modification of alumina with antimony trifluoride or phos-
phorus pentoxide afforded only medium or weak acid centres.

The JR absorption maxima of pyridine bonded on the samples of modified alumina
are given in Table I. The spectra of the unmodified alumina and alumina samples
modified with phosphorus pentoxide show only absorption bands corresponding to
the coordinatively bonded pyridine7'8, i.e. the bands at 1 450, 1 595 and 1 615 cm'
(Fig. lb). Furthermore, the spectra of the other catalysts show also a band at
1 540 cm' which can be assigned to the pyridine bonded to protic centres (Figs ic,

Id).
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FIG. 1

IR spectra of pyridine sorbed on alumina
and silica samples: a alumina calcined at
150°C, without pyridine (background); b
alumina calcined at 250°C; C alumina
modified with SbF5 and calcined at 250°C;
d alumina modified with PCI5 and calcined
at 250°C; e silica calcined at 250°C; f silica
modified with TiCl4 and calcined at 250°C
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The absorption bands at 1 450, 1 595 and 1 615 cm' can be ascribed to the pyri-
dine bonded via hydrogen bonding to surface hydroxy groups and the pyridine
bonded to aprotic centres of lower acidity8.

The spectra of the samples Al203/A1C13 and Al203/PC15 were very similar and
their pattern was not dependent on the condition used for sample preparation. The
absorption spectra of these aluminas are of interest as in contrast to the other
samples, they do not contain the 1 447 cm' band, i.e. one of the bands related to
the coordinatively bonded pyridine.

All the modified aluminas showed higher catalytic activity for hydrocarbon con-
versions than did the unmodified alumina. The high catalytic activity was found
especially with aluminas modified by chlorinating agents. The catalytic activity of
these catalysts was not directly proportional to the chlorine content. This indicates
that different chlorinating agents form different kinds of acid centres on alumina.

Comparison of the spectroscopic with activity data in Table I shows that similarly
to the samples of alumina prepared by impregnation procedure, the enhanced
catalytic activity is exhibited only by the samples which contain acid centres of
protic type.

Silicon Dioxide (Silica)

The silica used for synthesis of the catalysts contained after calcination at 150, 250
and 350°C 118, 0.85 and 082 mmol/g exchangable hydrogens, respectively. The
amount of modifying elements which could be deposited on silica surface is given
in Table II.

Although we were able to introduce on silica relatively great amount of modifying
elements, none of the agents used affected significantly the sorption of pyridine, i.e.
the total number of acid centres of silica (Table II). The modification of silica with
A1C13, TiCl4 and P205, respectively, has resulted, however, in the substantial in-
crease of the number of strong acid centres (benzene sorption) when compared
with the unmodified silica. As found by the indicator method, no sample of the
modified silica contained weak or medium acid centres in greater amounts.

JR spectra of individual samples of the modified silica were of similar type. All
the spectra showed strong absorption bands corresponding to pyridine bonded to
aprotic acid centres or to surface OH groups (the bands at around 1 620, 1 491 and
1 448 cm 1) and weak absorption bands corresponding to pyridine bonded to protic
acid centres (1 540 cm1) (cf. Figs ld, le). On the other hand, only the bands cor-
responding to the coordinatively bonded pyridine were found for the unmodified
silica.

The catalytic activity for cyclohexene conversion was found to be comparable
for all the samples of modified silica. None of the catalysts showed measurable
activity for the reaction of p-xylene (traces of the product were found for the samples
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Si02/A1CI3 and Si02/TiC14). In testing the samples Si02/SbF5 for p-xylene conver-
sion, a dark zone has been found in the catalyst layer. However, the reaction did not

TABLE I

Properties of samples of modified alumina (weak absorption bands in parentheses)

Modification agent (element) Unmodified AlCl3(Cl)

Preparation temp., °C 150 250 350 150 250 350

Element content, mmol/g — — — 2l3 207 203
Pyridine sorption, mmol/g 026 O37 051 132 106 116
Benzene sorption, mmol/g 006 014 024 032 028 0'22
Maximum strength of
acid centres (—H0) 30 3.0 3Ø 132 145 132
Absorption maxima, cm1 1 445 1 445 1 446

1488 1488 1488
1 540 1 540 1 540

(1 594) 1 595 (1 594)
(1 618) (1 614) (1 613) (1 614)

Cyclohexene conversion, % '-'..'O '.'0 01 93•7 929 978
p-Xylene conversion, % 0 0 0 30•9 851 872
n-Hexane conversion, % 0 0 0 FO 38 61

TABLE II

Properties of samples of modified silica (weak absorption bands in parentheses)

Modification agent (element) Unmodified AlCl3(Cl)

Preparation temp., °C 150 250 350 150 250 350

Element content, mmol/g — — — 020 033 052
Pyridine sorption, mmol/g F89 198 165 F99 235 106
Benzene sorption, mmol/g 003 0'02 004 045 045 03t
Maximum strength of
acid centres (—H0) a a a •o 30 5'6
Absorption maxima, cm1 1 448 1 447 1 448 1 447 1 448 1 448

(1 490) (1 494) (1 491) 1 490 1 491 1 490
(1 542) (1 543) (1 543)

1599 1599 1599 1599 1598 1598
Cyclohexene conversion, °V 0 0 0 3•0 46 -'17

"Catalysts did not contain acid centres of the strength H0 < —3.
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afford any product which could be detected by FID detector. It seems likely that
condensation reactions were taking place, giving polyaromatic compounds. None

TABLE I

(Continued)

TiCI4(Cl) PCI5(Cl) SbF5(F) P205(F)

150 250 350 150 250 350 150 250 350 150 250 350

070 073 l34 205 185 7.53 7.53 5.57 664 — — —
076 084 105 1l8 111 111 031 034 O•37 0.33 0.39 0.57
028 024 030 024 02l 020 013 021 004 02l 020 020

132 132 14'52 1452 1452 132 56 56 56 30 30 30
1 447 (1 448) (1 338) 1 447 1 447 1 447 1 448 1 446 1 447
1 490 1 488 1 489 1 489 1 489 1 489 1 493 1 493 1 493 (1 493) (1 493) (1 493)

1 541 1 540 1 541

(1 616) (1 614) (1 615)

1 541

(1 615)

1 541 1 542

(1 615) (1 615)

(1 542)
(1 498)

(1 542)
(1 498)

1 542
(1 498) (1 594)

(1 617)
(1 594) (1 594)

(1 618)
931 929 921 817 830 940 313 408 270 04 32 174
502 432 325 4&3 373 205 21 30 14 0 0 0
04 O1 52 21 #..sØ 0 0 0 0 0 0

TABLE 11

(Continued)

T1CI4(CI) PCI5(C1) SbF5(F) P205(P)

150 250 350 150 250 350 150 250 350 150 250 350

062 178 185 179 305 255 340 3l4 284 287 2'06 144
179 199 116 075 108 115 113 163 112 101 206 F44
036 037 034 012 008 002 008 010 002 048 053 028
30 3.0 30 5'6 3•0 3•0 56 56 30 a a 30

1 447 1 447 1 447 (1 457) (1 448) (1 448) (1 448) (1 447) (1 449)
1 490 1 484 1 484 1 490 1 490 1 490 1 491 1 491 1 491 (1 492) 1 492 (1 495)

(1 543) (1 541) (1 541) (1 541) (1 540) (1 543) (1 543) (1 543) (1 543) (1 547) (1 541)

(1 598) (1 598) (1 598) (1 592) 1 599

(1 616) (1 615) (1 616) 1 616 1 616 1 618 (1 616) (1 619) (1 619)

94 109 106 226 76 70 93 108 81 50 132 82
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of the prepared samples exhibited catalytic activity for reactions of n-hexane, by
contrast to Melchor4 who prepared a superacid catalyst by deposition of aluminium
chloride on silica.

Titanium Dioxide

The titanium dioxide samples contained after calcination at 150, 250 and 350°C
027, 025 and 023 mmol/g of exchangable hydrogens, respectively.

In contrast to silica and alumina, only small amount of modifying elements could
be introduced on titanium dioxide surface (Table III). It seems likely that Ti02
cannot be modified with PCi5 and TiC14. In most cases, a significant number of acid
centres is not formed here by the modification of titanium dioxide. Benzene sorption
was measurable only with the samples modified by A1C13 and P205, the amount
of sorbed benzene being however low (max. 02 mmol/g).

TABLE III

Properties of modified Ti02

Modification agent (element) Unmodified AICI3(Cl)

Preparation temp., °C 150 250 350 150 250 350

Element content, mmol/g — — — 012 033 059
Pyridine sorption, mmol/kg 0 0 0 a 030 026
Cyclohexene conversion, % 0 0 0 02 10b

a The amount of pyridine sorbed was less than 001 mmol/g." The activity of the catalyst de

TABLE 1V

Properties of samples of modified Sn02

Modification agent (element) Unmodified A1CI3(Cl)

Preparation temp., °C 150 250 350 150 250 350

Element content, mmol/g — — — 008 005 003
Cyclohexene conversion, % 0 0 0 02 01 O•1

a The activity of the catalyst decreased fast during the reaction.
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None of the prepared catalysts was found to contain acid centres of the strength
H0 < — 56. A more distinct catalytic activity toward cyclohexene was observed
only with samples of titanium dioxide modified with Aid3 and P205. No sample
was active for p-xylene and n-hexane conversions.

Tin Dioxide

The tin dioxide contained after calcination at 150, 250 and 350°C 020, 018 and
017 mmol/g of exchangable hydrogens, respectively. The content of modifying
elements In the samples was low (Table IV).

Pyridine sorption varied from 015 to 097 mmol/g for the Sn02/P205 samples,
being less than 010 mmol/g for the other samples. Benzene sorption was very low
or immeasurable (max. 005 mmol/g). The samples modified with P205 possessed
acid centres of the strength H0 < —56, the other samples contained acid centres
of the strength H0 < —3.

TABLE III

(Continued)

TiC14(C1) PCI5(Cl) SbF5(F) P205(P)

150 250 350 150 250 350 150 250 350 150 250 350

002 O13 024 Ø.Ø4 o•7
a a a a a

01 0.4 06 0.1 03

018
a

09

132
OO6

135

102
0.03
26

F29
0O4
26

244
085

376

200
123

297

105
O2O
89

creased fast during the reaction.

TABLE IV

(Continued)

TiCI4(C1) PCI5(C1) SbF5(F) P205(F)

150 250 350 150 250 350 150 250 350 150 250 350

ØQ4 0.04 003 003 003
0 0 0 0 0

003
0

022
14

019
46

014
02

0'55
18

066 098
121
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The weak strength of acid centres of the samples of modified tin dioxide comports
with their low activity for cyclohexene conversion (Table IV). No sample showed
catalytic activity for the reactions of p-xylene and n-hexane.

Zirconium Dioxide and Zirconium Silicate

Both starting compounds contained after calcination at 150, 250 and 350°C approx-
imately the same amount of surface OH groups varying from 001 to 0O3 mmol/g.
The content of phosphorus in the samples modified with P205 amounted to 02 up
to 01 mmol/g while the content of the other modification agents was negligible
(max. 009 mmol/g).

The samples of zirconium dioxide and zirconium. silicate modified by phosphorus
pentoxide sorbed ca 08 mmol/g of pyridine, its amount being immeasurable with
the other samples. None of the samples showed measurable benzene sorption. The
maximum strength of acid centres could not be determined because of the small
number of acid centres and discolouration of some samples. The catalytic activity
of the prepared samples for the reaction of cyclohexene was low (conversion max.
3.5%), the catalysts being inactive for p-xylene and n-hexane conversions.

Antimony Trioxide

Preparation of the catalysts was made with Sb203 that after calcination at 150, 250
and 350°C contained 011, 011 and 009 mmol/g of surface OH groups, respectively.

Although the chemical modification introduced considerable amounts of modifica-
tion agents on the oxide surface (1.1 —27 mmol/g), neither the strength nor the
number of surface acid centres were affected. On most samples of modified Sb203,
pyridine sorption was very low, max. 006 mmol/g; for the Sb203/P205 samples it
was 013 mmol/g. Benzene sorption was not measurable on any sample. The phos-
phated samples prepared at 150 and 250°C contained acid centres of the strength
H0 < — 56, the other samples showed acid centres of the strength H0 < —3. The
catalytic activity of the samples of modified Sb203 for the reactions of cyclohexene
was very low (conversion max. 08%). p-Xylene and n-hexane did not react.

Comparison of the Oxides and Modification Agents

None of the prepared oxides showed a direct proportionality between the content
of the introduced heteroatoms and the increase of the strength and number of acid
centres or catalytic activity. The catalytic activity of the chlorinated oxides was not
proportional to the surface chlorine concentration. A significant effect on acid pro-
perties of the oxides has the nature of the modification agent. From this fact one
can conclude that different chlorinating agents form different active structures on the
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oxide surface. In treatment of the oxides with PC!5, the outlet gas contained in most
cases the chloride of the central atom of the oxide, e.g. AIC13, TiC!4, etc.

For the oxides used, the proportionality between the content of introduced hetero.
atoms and the number of surface OH groups has not been observed. It is thus evident
that the deposition of Lewis acids on alumina surface proceeds via more complex
mechanism and not only via substitution reaction of the surface hydroxy groups.

Based on the weight increase during deposition of the samples and on the content
of halogens determined by elemental analysis, the approximate halogen to metal
ratio resulting from treatment of alumina, silica and titanium with modification
agents can be calculated (Tables V and VI). This ratio was further used to propose
mechanism of the action of modification agents. The calculation was based on the
assumption that the weight of the starting alumina and silica samples does not

TABLE V

Approximate halogen to metal molar ratio resulting from treatment of alumina with modification
agents. (The ratio could not be calculated for the samples modified with PCi5 because of the
insufficient accuracy of the mass balance. For alumina modified with P2 05, phosphorus content
was not determined with sufficient accuracy)

Modification agent
Preparation
temp., °C A1CI3 TiC14 SbF5

Cl/Al Cl/Ti F/Sb

150 F74 096 1371
250 266 O85 607
350 911 268 322

TABLE VI

Approximate halogen to metal molar ratio resulting from treatment of silica with modification
agents

Preparation
temp., °C

Modification agent

AlCl3 TiCl4 PCI5 SbF5 P205
Cl/Al Cl/Ti Cl/P F/Sb 0/P

150 272 133 218 3l3 24l
250 371 124 433 211 230
350 515 161 4•04 220 116

Collect. Czech. Chem. Commun. (Vol. 56) (1991)



1426 Hochmann, SetInek

change during deposition of the modification agent (i.e. only negligible amount
of the modified oxide is evolved as volatile halogenide during modification).

From Tables V and VI it becomes evident that the ratio in which halogen and
metal are bonded to alumina from the modification agent depends strongly on the
temperature of sample preparation. Based on data in Tables V and VI, two ways
of the action of Lewis acids on alumina could be proposed. In the first one, the
action of the modification agent leads to deposition of only the halogen, the metal
ion being not introduced on alumina surface. The residue of the Lewis acid con-
taining by one or more halogen atoms less is volatilized and removed by carrier gas.
The Lewis acid thus acts here as halogenating agent. This action could result in the
higher halogen to metal ratio than is that in the starting Lewis acid.

The second way involves fixation of only the metal ion, one or more halogen atoms
being removed as volatile compounds by carrier gas. The most probable mechanism
of this reaction is substitution of the surface hydroxy groups by the residue of the
Lewis acid. This reaction involves formation of hydrogen halogenide and fixation
of the residue of the Lewis acid to alumina via oxygen to form the structure of the
type Al—O----MeX (where Me denotes metal ion from the Lewis acid and X is
halogen). By the above way, more than one halogen atom of the Lewis acid can
undergo reaction. In such a case, the metal ion is bonded to alumina surface by
several oxygen atoms. This substitution mechanism thus results in the lower halogen
to metal ratio, compared with that in the starting Lewis acid.

In most samples, both reactions of Lewis acids with alumina surface were taking
place. The resulting metal to halogen ratio was thus dependent on which of the two
reactions prevailed in a given case.

Comparison of the effect of the individual modification agents on the strength
and number of acid centres of the oxides under study does not lead to unambiguous
conclusions. The reason is that the action of some reagents causes an increase of
the number of acid centres while other agents affect more the acid strength of these
centres.
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