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Abstract 

The activities of some amorphous and crystalline polymeric zirconium phosphates as Friedel-Crafts catalysts have been 
investigated. Catalytic behaviour was studied in the alkylation of anisole with alcohols in both liquid and gas phases and 
compared with the activity of alumina and acid activated clay. Under comparable experimental conditions, the catalytic activity 
of amorphous zirconium phosphate compares favourably with that shown by the superacidic Nafion-H. The range of phenols 
and ring-methylated anisoles obtained in the methylation of anisole in the gas-phase over Nafion-H and amorphous zirconium 
phosphate are similar, but the relative amount of phenol is lower with the phosphate. The results indicate that catalytic activity 
is particularly high for amorphous phosphate gels prepared with phosphorus to metal ratios of less than 2. This high level of 
activity is accompanied by large surface areas with sites of high acidity. 
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1. Introduction 

The use of polymeric metal phosphates as cat- 
alysts in a wide variety of organic reactions, has 
received considerable attention during the last few 
years [ l-81. The activity of these inorganic pol- 
ymers in the promotion of acid catalyzed conver- 
sions of organic materials seems to be correlated 
with the strength and number of their acid sites, a 
relationship which has been demonstrated espe- 
cially in dehydration and dehydrogenation reac- 
tions [9-l 11. The decomposition of alcohols is a 
widely used test reaction for acid catalysis and the 
activity of polymeric metal phosphates has been 

* Corresponding author. 
’ Present address: Escola Superior Agrtia, 3000 Coimbra, Por- 

tugal. 

extensively studied for such systems. Other 
known acid-catalysed conversions could also be 
used as test reactions for the acid properties of 
these compounds, but this has not yet been done. 

Friedel-Crafts alkylation of aromatic hydrocar- 
bons is important and has been used, for example, 
in large-scale industrial production of 2-phenyl- 
propane (cumene) from benzene and propene. 
This reaction can be catalysed by conventional 
resin sulphonic acids, such as sulphonated poly- 
styrenes, but reactions such as ethylation, which 
involve less stable intermediates, require stronger 
acids. Efforts have been made to find better cata- 
lysts and a highly acidic solid perfluorinated resin 
sulphonic acid (Nafion-H) has been found to be 
a suitable superacid catalyst in the llO-190°C 
temperature range [ 12,13 ] . Graphite intercalates 
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of Lewis acid halides such as AlCl, have also been 
tested as solid catalysts for the gas-phase alkyla- 
tion of aromatic hydrocarbons [ 141 but, although 
initial conversions are high, their acidity declines 
rapidly with time and the catalysts become totally 
inactivated after a period of 6-8 h. The same deac- 
tivation effect, but slower, is also observed in the 
case of Nafion-H when alkenes are used as alky- 
lating agents but the lifetime of the catalyst is 
improved when alcohols are the alkylating com- 
pounds. Satisfactory results are obtained in 
Nafion-H catalyzed gas-phase alkylation of 
aromatic hydrocarbons with alkyl halides [ 151 

Zeolites show advantages as Friedel-Crafts cat- 
alysts in that they are frequently para-selective 
[ 161. Since they can also be highly acidic, ther- 
mally stable and resistant to water and acids they 
form a valuable addition to the range of available 
catalysts, and consequently are the subject of an 
extensive patent literature [ 16,171. 

Polymeric metal phosphates have many of the 
catalytic properties of zeolites, and offer the extra 
advantage that they are readily modified chemi- 
cally to vary their shape selectivity. We have 
therefore investigated the use of zirconium phos- 
phate as a Friedel-Crafts catalyst. Catalytic 
behaviour of amorphous and crystalline zirco- 
nium phosphate was studied in both liquid and gas 
phases and compared with the activity of alumina 
and acid activated clays as benchmark standards. 

2. Experimental 

2.1. Preparation of catalysts 

Amorphous zirconium phosphate [ ZrPA 
(50ZC) ] was prepared with 50% excess of zir- 
cony1 chloride [ 181. Aqueous H3P04 solution 
(54.2 g/l; 54.0 ml) was added rapidly to a well 
stirred aqueous solution of ZrGC12 - 8H20 ( 129.0 
g/l; 55.6 ml). After stirring the mixture for 15 
min at room temperature, the gelatinous suspen- 
sion was washed several times with large volumes 
of distilled water by decantation, centrifuged off 
and dried at 50°C. The dried product was con- 

vetted entirely into its protic form by immersion 
in an aqueous HN03 (1 M) solution for 24 h. 
After centrifugation, the solid zirconium phos- 
phate was washed several times with distilled 
water to a pH of 4-5 and then dried at 110°C. 

Crystalline zirconium phosphate was prepared 
by refluxing this amorphous zirconium phosphate 
for 126 h in aqueous orthophosphoric acid ( 11 
M). [ 191 The microcrystalline compound so 
obtained was washed with distilled water until the 
effluent attained pH 4-5 and was then dried at 
110°C. The sample was labelled as ZrP ( 11: 126). 
The alumina used as catalyst was a standard com- 
mercial product (BDH; chromatographic grade) 
and was not previously dried before use. The clay 
was a Montmorillonite sample Fulton Premiere, 
identical to Fulcat 16 Grade, (from Laporte Indus- 
tries, UK). It was activated with H2S04 but was 
not subjected to previous thermal treatment before 
use. 

Cu2+ /H+ ion-exchanged zirconium phos- 
phate, CuZrPA (5OZC), was prepared by reflux- 
ing the amorphous zirconium phosphate, ZrPA 
(5OZC), for 16 h with an aqueous copper sulphate 
solution (0.025 M; 2.5 mmol copper to 1 .O mm01 
of phosphate). 

2.2. Acidity measurements 

The total amount of acid and the acid strength 
distribution of the crystalline and amorphous zir- 
conium phosphate samples were determined by 
titration with n-butylamine [ 20-221. Zirconium 
phosphate samples (0.2 g), immediately after 
being dried at 110°C were suspended in 2 ml of 
petroleum ether (b.p. 60/8O”C, previously dried 
over KOH and distilled) and titrated with a solu- 
tion of n-butylamine (0.25 M) in petroleum ether 
(b.p. 60/8O”C), using various indicators of dif- 
ferent pK,. The volume of n-butylamine solution 
required to change the colour of the indicator gives 
a measure of the amount of acid stronger than the 
indicator used. The acid strength is expressed by 
the Hammett acidity function, Ho, corresponding 
to the pK, of the indicator. The following indica- 
tors were used to measure the acid strength: ben- 
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zalacetophenone ( pK, = - 5.6)) dicinnamalace- 
tone ( pK, = - 3.0)) p-dimethylaminoazobenzene 
(pK,= +3.3) and methyl red (pK,= +4.8). 

2.3. Alkylation of anisole with alcohols in the 
gas phase 

The reaction was carried out in a wall-heated 
glass tube reactor (300 X 23 mm) containing a 
loose packing of glass wool onto which the cata- 
lyst was sprinkled uniformly. The reactor was 
charged with catalyst (0.5 g) which had been 
dried at 110°C for 16 h. For reaction, a stream of 
nitrogen gas was passed through the heated tube 
at a rate of 0.5 l/mm, the tube being maintained 
at a temperature of 350°C throughout the experi- 
ment. This gave the reaction mixture a contact 
time with the catalyst of 15 s. The reactant alco- 
hols and anisole were introduced in a 17: 1 molar 
ratio through a syringe at a liquid flow rate of 0.01 
l/mm, using a syringe pump. The gaseous prod- 
ucts from the reactor were condensed in a system 
of two U-tubes, the first cooled with ice and the 
second with liquid nitrogen. Products were ana- 
lyzed by GC-MS on an OV35 1 capillary column 
(25 m: 0.3 mm i.d.). Product phenols were sepa- 
rated from anisoles by the following procedure. 
The combined condensates in the U-tube receivers 
were dissolved in diethyl ether and extracted three 
times with aqueous NaOH ( 1.5 M) . The ethereal 
layer was solution A. The basic aqueous extract 
was acidified to about pH l-2 with cont. HCl to 
give free phenols which were extracted with die- 
thy1 ether to give solution B; the two ethereal 
extracts (solution A and solution B) were washed 
with distilled water, dried over MgS04 and ana- 
lyzed for anisoles and phenols respectively. Prod- 
ucts were identified by GC-MS, by comparison 
of their retention times and mass spectra with 
those of authentic samples under similar condi- 
tions of analysis. 

2.4. Alkylation of anisole with methanol in the 
liquid phase 

Alkylation of anisole was carried out in the 
liquid phase by heating a stirred mixture of anisole 

(2.91 g), methyl alcohol ( 14.55 g) and amor- 
phous zirconium phosphate [ ZrPA (50ZC) ; 0.70 
g] in an autoclave at 220°C for 18 h. The reaction 
mixture was diluted with diethyl ether and filtered. 
Phenols were separated from anisoles and poly- 
methyl benzenes by the procedure described 
above, making use of their solubility in base. Prod- 
ucts were identified by GC-MS, by comparison 
of their retention times and mass spectra with 
those of authentic samples, under similar condi- 
tions of analysis. 

2.5. GC-MS 

This was carried out on a VG 7070E mass spec- 
trometer, directly coupled to a capillary column 
coated with OV351 and mass spectra were 
obtained by electron ionization at 70 eV. Mass 
spectra were compared with those of authentic 
specimens of the relevant phenols and anisoles. 

3. Results and discussion 

3. I. Characterisation of catalysts 

The zirconium phosphate, ZrP ( 11: 126)) was 
found to be composed of microcrystals of particle 
size 1 .O pm. The amorphous form, ZrPA (5OZC), 
was composed of particles of 45.7 pm average 
size, significantly greater in dimension than those 
of the crystalline material. Powder X-ray diffrac- 
tion patterns obtained for, ZrP ( 11: 126) revealed 
very high crystallinity and an interlayer spacing 
of 7.6 A, in complete agreement with the value 
previously reported [ 231. 

Surface areas of polymeric metal phosphates 
were determined by a standard BET method with 
nitrogen as sorbant. gas. There was a clear inverse 
relationship between the surface area per unit 
mass and the degree of crystallinity of the phos- 
phates. Amorphous zirconium phosphate, ZrPA 
(5OZC), had a large surface area (278 m2/g) and 
the crystalline compound, ZrP ( 11: 126)) a 
remarkably small one ( 1.3 m2/g). 
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Since polymeric zirconium phosphates are 
solid acids, one of the fundamental properties to 
be determined in relation to catalytic behaviour, 
is the amount and strength of their acid sites. The 
amount of acid, determined with an indicator of 
pK, = + 4.8, was found to be 6.88 mequiv./g for 
the crystalline sample, ZrP ( 11: 126)) very close 
to its theoretical exchange capacity (6.64 
mequiv./g) and indicating that the measured acid- 
ity is due to the interlamellar monohydrogen 
phosphate groups. This suggests that the layers of 
the crystal swell during acidity titrations to admit 
the base. The acid strength distribution deter- 
mined for ZrP (11:126) (viz., 6.71 mequiv./g 
with pK, +4.8>Ho> +3.3; 0.17 mequiv./g 
with pK, + 3.3 2 Ho 2 - 3.0; no acid sites corre- 
sponding to pK, - 3.0 2 Ho 2 - 5.6) shows that 
only weak acid sites were present, in agreement 
with the low catalytic activity exhibited by this 
material as a Friedel-Crafts catalyst. In amor- 
phous zirconium phosphate, ZrPA (5OZC), the 
total amount of acid ( 1.67 mequiv./g) is consid- 
erably lower than is the case for the crystalline 
sample, ZrP ( 11: 126). However, the number of 
strongly acidic groups corresponding to 
-3.02Ho2 -5.6 is 0.18 mequiv./g in the 
amorphous sample and the content of weakly 
acidic sites with pK, + 4.8 2 Ho 2 + 3.3 is 0.69 
mequiv./g. The better catalytic properties of the 
amorphous sample compared to the crystalline 
sample of ZrP ( 11: 126) can be interpreted either 
on the basis of inaccessibility of interlamellar 
phosphate groups of the crystalline sample to mol- 
ecules from the gas phase, since swelling of the 
crystal would not be expected to occur under these 
conditions, or on the basis that catalysis is by 
strong acid sites which occur mainly in the amor- 
phous form. Some support for the latter view 
comes from experiments on exchange of the mate- 
rials with copper ions. These sites do not seem to 
be exchanged to a significant extent with copper 
ions, as was demonstrated by an acid strength dis- 
tribution determined for CuZrPA (5OZC), of 0.10 
mequiv.1 g with pK, -3.02Ho2 -5.6 i.e. very 
similar to that of the tmexchanged material. This 
result is consistent with the presence of strongly 

acidic Lewis-type centres together with weakly 
acidic Bronsted-type in the structure of the amor- 
phous zirconium phosphate, ZrPA (5OZC), prob- 
ably induced by the experimental conditions used 
in its preparation (large excess of zirconyl chlo- 
ride). 

3.2. Alkylation of anisole with alcohols in the 
gas phase 

When anisole and methanol or n-butanol were 
passed over zirconium phosphate in the gas phase 
at 35O”C, mixtures of phenols and ring-methylated 
anisoles were formed. For the same materials 
reacted with alumina as catalyst, demethylation 
occurred to a considerable extent to give mainly 
phenols and, surprisingly, highly substituted 
methyl benzenes were isolated. The relative 
amounts of the various products formed in 
attempted alkylation of anisole with methanol or 
with butanol over amorphous and crystalline zir- 
conium phosphate are compared in Table 1 with 
those obtained under similar experimental condi- 
tions for the same reactions catalysed by alumina 
and clay. 

The results show that amorphous zirconium 
phosphate, ZrPA (50ZC) is an active catalyst for 
these processes; the reaction pathways are com- 
parable to those found [ 141 using catalysts such 
as Nafion-H. For the amorphous ZrPA (50ZC) 
catalysed reaction, there is a 60% conversion of 
anisole, giving a product mixture containing 75% 
of polymethylated anisoles. Phenol formation is 
much reduced compared with that found with 
Nafion-H. 

The observed products indicate that two proc- 
esses are involved in product formation, one being 
the removal of a methyl group from the methoxyl 
oxygen and the other being methylation of the 
aromatic ring [ 201. From an earlier study of the 
reactions of anisole catalysed by Nafion-H, it was 
concluded that both processes resulted from trans- 
fer of a methyl group from the oxygen atom to the 
aromatic ring [ 141. 

To check whether such a process was operative 
using the catalysts, described here, the rearrange- 
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Table 1 
Alkylation of anisole with methanol and butanol in the gas phase over various catalysts a 

159 

Catalyst a Alcohol Composition of reaction mixture (kmolar) b 

Phenols Anisoles Polymethyl benzene 

Phenol Cresol Dimethyl- Tri- to penta- Anisole ’ Methyl- Di- to penta- Penta- Hexa- 
phenols methyl- anisoles methyl- methyl- methyl- 

phenols d anisoles ’ benzene benzene 

ZrPA (SOZC) Methanol 6 0 6 0 42 1 45 0 0 
ZrP (11:126) Methanol 0 0 0 0 97 1 2 0 0 
Clay Methanol 4 5 0 0 84 7 0 0 0 
Alumina Methanol 4 0 5 20 3 0 8 9 51 
ZrPA (SOZC) Butanol 28 0 0 0 65 1 6 0 0 

a Nz flow = 0.05 ml/mm; total flow rate of Nz and reactants = 0.01 ml/mm; temp. 350°C; molar ratio anisole/alcohol: l/ 17. 
b Compounds in percentage I 0.5% were ignored. 
’ Including starting material. 
dCsHS_.(CHs).0H,n=3-5. 
‘Ce,HS_,(CH3),0CH,, n=2-5. 

ment of anisole over ZrPA (50ZC) at 350°C was 
studied in the absence of methanol. Under these 
conditions, a mixture of 91% of the unreacted 
starting material, 7% of phenol, and 2% of o&o- 
methyl anisole was obtained. In the presence of 
methanol, reaction at the same temperature gave 
45% of methyl anisoles and 6% of phenol. How- 
ever, in the presence of n-butanol, 6% of methyl 
anisoles was obtained, together with 28% of phe- 
nol. These results suggest that methylation and 
demethylation are separate processes with these 
Zr catalysts; phenol yield is marginally reduced 
on reacting anisole with methanol, and substan- 
tially increased on reacting anisole with n-butanol. 
This is consistent with methanol being involved 
in a demethylation/methylation sequence, 
whereas butanol can demethylate, but cannot 
butylate. The proposed mechanism for demethy- 
lation is shown in Scheme 1. 

Methanol can attack a protonated methoxy 
group in anisole to give dimetbyl ether and phenol; 

Q- Q 

a similar reaction is envisaged with n-butanol. In 
support, it may be noted that passing methanol 
over Nafion-H at 190°C produces dimethyl ether 
and water [ 141. It should be noted that both eth- 
anol and butanol can give rise to water under our 
reaction conditions, and it could be argued that 
the phenol arises from reaction of this water with 
anisole. It seems unlikely that water is present in 
significant amounts, particularly in a continuous 
flow situation, to be able to compete for the avail- 
able substrate with the nucleophilic alcohols; cer- 
tainly, reaction with methanol gives less phenol 
than does reaction in the absence of methanol. 

Alkylation of anisole proceeded readily when a 
mixture of anisole and methanol was passed over 
the Zr catalyst, but, surprisingly, a mixture of ani- 
sole and n-butanol did not produce butylated ani- 
soles or phenols, but gave mainly phenol and 
starting material. This is consistent with a bimo- 
lecular reaction between anisole and an alcohol 
bonded to the catalyst, where steric effects might 

MeOMe A Q v 1-g 
otf Me .b ‘+ r\H 

o- H&Me :D.Me hH 
e 

b . A 
Scheme 1. Mechanistic model for demethylation of anisole to phenol, with initial protonation of the methoxy group followed by attack by 
methanol or water to reform the acid site. 
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OMe 
3 

CH30H 

&/-;&$H3:~r I’& 

OH 

(-dY fm 
-. -. next cycle) 

Scheme 2. Mechanistic model for the formation of methylanisoles from methanol and anisole through formation of an incipient methyl carbocation 
which attacks the aromatic ring. 

be significant, as is indicated in Scheme 2. How- 
ever, reactions involving the generation of a car- 
bocation from n-butanol, cannot be excluded since 
it is possible that acid-catalysed dehydration of 
butanol is too fast for any significant concentration 
of any of the butyl carbocations to exist and there- 
fore butylation of anisole does not occur. Metha- 
nol cannot readily undergo a similar process (to 
form carbene), and so is available for alkylation 
when it is complexed to the catalyst as a carbo- 
cationoid species rather than a true carbocation, 
(Scheme 2) 

Alkylation of anisole with methanol seems to 
take a different course when catalysed by alumina. 
High conversion of anisole into products was 
observed, giving mainly hexamethylbenzene 
(50% selectivity) together with highly ring-meth- 
ylated phenols. Polysubstituted anisoles, methyl 
benzenes, phenol and substituted phenols were 
obtained in smaller quantities as listed in Table 1. 
Indeed, the yield of hexamethylbenzene is such as 
to make this reaction a serious possibility for the 
conversion of anisole (or phenol) into the hydro- 
carbon. Extensive methylation was clearly favou- 
red in the reactions catalysed by alumina, 
compared with those were zirconium phosphate 
was used. The greater extent of alkylation seems 
surprising because of the short contact time of the 
reagents with the catalyst. 

The texture of catalytically active aluminas has 
been studied by means of diffraction and adsorp- 
tion techniques [ 241 and the results are consistent 
with a ‘pseudosolvent’ effect. It has been sug- 
gested [ 241 that alumina acts as ‘solvating’ agent, 
surrounding alcohol molecules trapped in submi- 
croscopic pores, crevices or channels present in 
the structure. On the basis of this argument, it may 

be suggested that probably the methylation of ani- 
sole, catalysed by alumina, also takes place in the 
pores of the catalyst, under the catalytic effects of 
their acid sites. More recent work [25] indicates 
the importance of acidic and basic sites on an 
alumina surface. This would explain the formation 
of polymethylated compounds, with products 
obtained in earlier stages of reaction remaining 
trapped in the crevices of the catalyst and under- 
going successive methylations before being 
released into the main gas flow. 

Aromatic molecules having a small number of 
methyl groups (toluene, xylenes) have not been 
detected in the reaction catalysed by alumina and 
this might suggest that penta- and hexamethylben- 
zene are formed directly from the corresponding 
polymethylated anisoles, probably by a concerted 
mechanism in which acidic and basic sites on the 
catalyst participate (Scheme 3). 

These results clearly show that metal 
phosphates catalyse Friedel-Crafts reactions in 
the gas phase. Although the catalysts used show 
little advantage over conventional catalysts such 
as zeolites, there is clearly scope for development 
of these materials to improve their shape-selectiv- 
ity by modification of the polymers. 

3.3. Alkylation of anisole with methanol in the 
liquid phase 

The catalytic activity of zirconium phosphate, 
particularly in its amorphous form, ZrPA (5OZC), 
was still good in the liquid phase at lower tem- 
peratures than the gas phase work. Alkylation of 
anisole with methanol was carried out with ZrPA 
(50ZC) in an autoclave at 220°C. After 18 h with 
continuous stirring, the conversion of anisole into 
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pi ,with methanol: using water: 

Al 

(n = 5.6) 

Scheme 3. Mechanistic model for the formation of penta- and hexamethylbenzene from anisole and either methanol or water through use of 
both protic and basic sites on the alumina. 

products was nearly quantitative, only 2% remain- 
ing unreacted. A mixture of phenol (26%), cre- 
sols (5%), dimethylphenols (7%), tri- to 
pentamethylphenols (6%)) di- to pentamethylan- 
isoles ( 17%)) pentamethylbenzene ( 8%) and 
hexamethylbenzene (29%) was obtained. Again, 
there was a notably high proportion of highly 
methylated benzenes. Under the conditions used 
in this experiment, high conversions were 
achieved but selectivity was compromised com- 
pared with the gas phase process. Yields have not 
been optimized but adjustment of the experimen- 
tal conditions in terms of time, temperature and 
molar ratio of anisole to methanol, could probably 
be used to advantage so as to give less complex 
mixtures. 
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