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Abstract 

The effect of propylene pressure on the isopropylation of biphenyl was investigated over highly dealuminated 
H-mordenite. The selectivity of 4,4'-diisopropylbiphenyl (4,4'-DIPB) in liquid phase products was achieved up to 90% under 
a high propylene pressure of 0.8 MPa, whereas the decrease of the selectivity of 4,4'-DIPB by the isomerization to 3,4'-DIPB 
was observed under low pressure of 0.1 MPa. However, the formation of IPBP isomers was not influenced by the pressure. 
The yield of 4-isopropylbiphenyl (4-IPBP) reached a maximum at 50-60% conversion of biphenyl, whereas that of 3-IPBP 
increased monotonously. The isomerization of 4,4'-DIPB occurred extensively under low propylene pressure, but decreased 
with the increase of the pressure. No significant isopropylation of 4,4'-DIPB was observed even under high pressure. The 
selectivities of 4,4'-DIPB encapsulated in the catalysts were more than 90% in both cases for the isopropylation of biphenyl 
and for the isomerization of 4,4'-DIPB under every pressure. 

These results of the isopropylation and the isomerization suggest that selective formation of 4,4'-DIPB occurred in the 
pores, and that high selectivity under high pressures is due to the prevention of the adsorption of 4,4'-DIPB at external acid 
sites because of preferential adsorption of propylene. The isomerization of 4,4'-DIPB under low pressures occurred on 
external acid sites where no propylene was adsorbed. 
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1. Introduction 

Catalytic alkylation of aromatics using zeo- 
lites has been the subject of much research from 
basic and practical points of view since it is 
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essential to match the dimensions between reac- 
tants, products and zeolite pores to achieve 
shape-selective catalysis [1-3]. H-mordenite 
(HM) has been found as a potential catalyst for 
the shape-selective alkylation of polynuclear 
aromatics such as biphenyl [4-13], naphthalene 
[14-18] and p-terphenyl [19]. We previously 
described that catalytic activity and the selectiv- 
ity for the slimmest diisopropylbiphenyl (DIPB) 
isomers, 4,4'-DIPB, were increased by the dea- 
lumination of HM in the isopropylation of 
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biphenyl. We discussed that high selectivity of 
4,4'-DIPB was due to shape-selective reaction in 
the HM pores, and that the decrease of the 
selectivity for HM with the low SiO 2/A1203 
ratio was ascribed to the participation of exter- 
nal acid sites because the pores were choked by 
coke-deposition [6,7]. However, the mecha- 
nisms such as the difference of the catalysis on 
intracrystalline and external acid sites, and the 
steric requirement of substrates and products in 
pores are not fully understood. 

In this paper, we describe the effect of propy- 
lene pressure on the isopropylation of biphenyl 
over H-mordenite, and on the distribution of 
encapsulated products in the catalyst used for 
the reaction. The role of acid sites on intracrys- 
talline and external surfaces is also discussed. 

2. Experimental 

2.1. Catalysts and reagents 

Highly  dea lumina t ed  H - m o r d e n i t e s  
(SiO2/A1203 = 206 (HM(206)), 220 (HM(220)) 
were kindly supplied by Tosoh Corporation, 
Tokyo, Japan, and calcined in an air stream at 
500°C before use for the reaction. Biphenyl and 
propylene were purchased commercially, and 
used without further purification. 

pressure was expressed by the difference be- 
tween before and after the introduction of 
propylene. 

2.3. lsomerization of 4,4'-DIPB 

The isomerization of 4,4'-DIPB was exam- 
ined under following conditions: 100 mmol of 
4,4'-DIPB, 1 g of the catalyst, 0-0.8 MPa of 
propylene pressure, 250°C temperature, and a 
reaction period of 4 h. 

2.4. Product analysis 

Products of the isopropylation and the iso- 
merization were analyzed with a Hewlett- 
Packard model 5890 series II gas chromato- 
graph using an Ultra-1 capillary column (30 
m X 0.3 mm), and identified with a Hewlett- 
Packard model 5890 series II equipped with a 
5971A mass selective detector system using the 
same column. The yield of every product was 
calculated on the basis of biphenyl consumed 
for the reaction, and the selectivities of each 
isopropylbiphenyl (IPBP) and DIPB isomers are 
expressed as: 

Selectivity of DIPB (IPBP) isomers 

Each DIPB (IPBP) isomer (mmol) 

Total DIPB (IPBP) isomers (mmol) 

2.2. Isopropylation of biphenyl 

The isopropylation was carried out without 
solvent using a stainless steel 100- or 200-ml 
autoclave. Biphenyl and the catalyst was placed 
in the autoclave, and oxygen in the autoclave 
was purged out with flushing nitrogen before 
heating. After reaching reaction temperature, 
propylene was supplied, and the autoclave was 
kept, with stirring, at a constant pressure 
throughout the reaction. A standard reaction 
included: 400 mmol of biphenyl, 2 g of HM, 0.8 
MPa of propylene pressure, 250°C of tempera- 
ture, and a reaction period of 4 h. Propylene 

2.5. Analysis of encapsulated products in the 
catalysts used for the reaction 

The catalyst used for the reaction was washed 
well with acetone, and dried at 110°C in an air 
atmosphere. The catalyst (0.5 g) was placed in 3 
ml of aqueous hydrofluoric acid solution (47%). 
The resulting suspension was kept overnight 
with stirring, and neutralized with potassium 
carbonate. Organic products were extracted three 
times with 20 ml of dichrolomethane, and the 
organic layer was dried over anhydrous sodium 
sulfate. After filtration of sodium sulfate and 
removal of solvent in vacuo, the residue was 
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dissolved in 5 ml of toluene, and 10 mg of 
naphthalene was added as an internal standard. 
The analysis and the identification was done by 
the method described above. The selectivities of 
DIPB isomers encapsulated products were also 
calculated based on the percentage of the peak 
area of each DIPB isomer against the total area 
of all isomers. 

2.6. Thermogravimetric analysis of the catalyst 
used for the reaction 

Thermogravimetric (TG) analysis of HM used 
for reaction was carried out using 10 mg of a 
sample in an air stream at a rate of 10°C/min 
up to 800°C with a MAC Science TG-DTA 
2000 apparatus. 

3. Results 

3.1. Isopropylaiton of biphenyl under high 
propylene pressure 

Fig. 1 shows a typical profile of the isopropy- 
lation of biphenyl over HM(220) under high 
propylene pressure. At an early stage of the 
reaction, biphenyl converted to isopropyl- 
biphenyl (IPBP) isomers, especially to 4-IPBP. 
The yield of 4-IPBP reached a maximum at 
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Fig. 1. The isopropylation of biphenyl over HM(220). Reaction 
conditions: biphenyl 400 mmol, HM(220) 2 g, propylene pressure 
MPa, temperature 250°C. 

11111 

8o 

v 

.m 

e -  

o 

o 

i i i • 

o 
o . ~ m 

o 0.1 MPa 
• 0.2 
• 0.3 
El 0.4 
• 0.8 

i z i 

200 400 600 800 

Reaction period (rain) 

Fig. 2. Effect of propylene pressure on catalytic activity in the 
isopropylation of biphenyl. Reaction conditions: biphenyl 400 
mmol, HM(220) 2 g, propylene pressure 0.1-0.8 MPa, tempera- 
ture 250°C. 

50-60% of the conversion, and then, decreased 
with further reaction. However, the yield of 
3-IPBP increased monotonously with the con- 
version. This shows that 4-IPBP was much reac- 
tive than 3-IPBP for the formation of DIPB 
isomers. The yield of DIPB isomers, especially, 
3,4'- and 4,4'-DIPB increased with the consump- 
tion of 4-IPBP. The formation of 4,4'-DIPB was 
highly selective and the selectivity was almost 
constant throughout the reaction. These results 
indicate that the isopropylation of biphenyl to 
4,4'-DIPB proceeded by a consecutive reaction 
mechanism via 4-IPBP. Biphenyl converts pre- 
dominantly to 4-IPBP. 4-IPBP is a precursor to 
produce 4,4'-DIPB, but 3-IPBP does not partici- 
pate significantly in the formation 3,4'-DIPB 
except at a late stage. 

3.2. The effects of propylene pressure on the 
isopropylation of biphenyl 

The conversion of biphenyl in the isopropyla- 
tion reached more than 80% within 800 min at 
250°C under a propylene pressure of 0.1-0.8 
MPa as shown in Fig. 2. No significant influ- 
ence of propylene pressure on the initial rate 
was observed in the isopropylation although 
some differences were found at a later stage. 
Fig. 3 shows the profile of the formation of 
IPBP, DIPB, and triisopropylbiphenyl (TIPB) 
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Fig. 3. Product profile of the isopropylation of biphenyl. Reaction 
conditions were the same as Fig. 2. 
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Fig. 5. Effect of propylene pressure on the selectivity of 4,4'-DIPB. 
Reaction conditions were the same as Fig. 2. 

isomers expressed on the basis of conversion 
under various propylene pressures. The yields 
of the products are on the same plot under all 
pressures. Isopropylation proceeded by succes- 
sive addition of propylene under every pressure. 
These results show that the change of product 
distribution shown below occurs after the for- 
marion of IPBP and DIPB isomers. 

Fig. 4 shows the effect of the conversion of 
biphenyl on the yield of 4- and 3-IPBP under 
various propylene pressures. The formation of 
4-IPBP was more selective than that of 3-IPBP 
under these conditions. The yield of 4-IPBP 

reached a maximum at 50-60% conversion, but 
decreased with further reaction. No significant 
influence of propylene pressure on the yields of 
IPBP isomers was observed. However, the se- 
lectivity of 4,4'-DIPB was much influenced by 
propylene pressure as shown in Fig. 5. Under 
pressures higher than 0.3 MPa, the selectivity 
was as high as 80% in the early stages, and 
remained almost constant during the reaction. 
However, the selectivity decreased gradually 
under pressures less than 0.2 MPa. Fig. 6 shows 
the effect of propylene pressure on the forma- 
tion of 4,4'- and 3,4'-DIPB. The yields of 4,4'- 
and 3,4'-DIPB were in a linear relationship to 
the yield of all DIPB isomers under pressures 
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Fig. 4. Effect of propylene pressure on the yield of 4- and 3-IPBP. 
Reaction conditions were the same as Fig. 2. 
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Fig. 6. Effect of propylene pressure on the yield of 4,4'- and 
3,4'-DIPB. Reaction conditions were the same as Fig. 2. 



1I. Sugi et a l . /  Catalysis Today 31 (1996) 3-10  7 

.T. 

m 
L 

~ so 

J 

elf 
"0 

3 2O 

m 
o 
c 
uJ o 

• i • i • i . i 

• . .  . .  

m -  ° 

\ , 

• [] 4,4'-DIPB 
• o 3,4'-DIPB 

v w 

oi,  o i ,  o i .  
Propylene pressure (MPa) 

100 

m 

n 

1= 

20 , 
~r 

Fig. 7. The selectivity of 4,4'- and 3,4'-DIPB in encapsulated and 
liquid phase products in the isopropylation of biphenyl. Reaction 
conditions: biphenyl 200 mmol, HM(206) l g, propylene pressure 
0.1-0.8 MPa, temperature 250°C. reaction period 4 h. 

greater than 0.3 MPa. On the other hand, under 
a low pressure of 0.1 MPa, the yield of 4,4'- 
DIPB deviated downwards from the linear plot 
at higher pressures, and an upward deviation 
occurred for the yield of 3,4'-DIPB. The yield 
of 4,4'-DIPB decreased after reaching a maxi- 
mum at 60% of DIPB isomers (at 85% conver- 
sion). The increase of the yield of 3,4'-DIPB 
corresponded closely to the decrease of that of 
4,4'-DIPB. These results show that the decrease 
of the selectivity of 4,4'-DIPB under low pres- 
sure is due to the isomerization of 4,4'-DIPB to 
3,4'-DIPB, because 3,4'-DIPB is thermodynami- 
cally more stable than 4,4'-DIPB [8], and that no 
extensive isomerization occurs under high 
propylene pressures. 

Fig. 7 shows the comparison of the selectiv- 
ity of 4,4'- and 3,4'-DIPB in encapsulated and 
liquid phase products of the isopropylation of 
biphenyl. The selectivity of 4,4'-DIPB in the 
liquid phase products for 0.1 MPa of propylene 
was lower than that for higher pressures. This 
coincides well with the results as described 
above. However, the selectivity of 4,4'-DIPB in 
encapsulated products was as high as 90% un- 
der all propylene pressures. These results also 
suggest that the decrease of the selectivity was 
not due to the reaction in pores but the isomer- 

ization of 4,4'-DIPB at external acid sites as 
discussed above. 

3.3. Isomerization of 4,4'-DIPB under propylene 
pressure 

The behavior of 4,4'-DIPB during the reac- 
tion under propylene pressure is one of impor- 
tant factors controlling the product distribution. 
Fig. 8 shows the isomerization of 4,4'-DIPB 
over HM(220) under propylene pressure. 4,4'- 
DIPB was isomerized extensively to 3,4'-DIPB 
without propylene or under low pressure pres- 
sures. This was accompanied by the formation 
of IPBP isomers via dealkylation. However, the 
formation of 3,4'-DIPB decreased with increas- 
ing pressure. These results correspond closely 
with the formation of 3,4'-DIPB in the isopropy- 
lation of biphenyl, and thus show that no exten- 
sive isomerization of 4,4'-DIPB occurred under 
high pressure conditions. No extensive iso- 
propylation of 4,4'-DIPB was observed under 
high pressure, but a small amount of TIPB was 
found under a low pressure of 0.1 MPa. These 
results suggest that the isopropylation of 4,4'- 
DIPB is prevented in the pores under high 
pressure, and that TIPB likely formed from 
3,4'-DIPB formed by the isomerization of 4,4'- 
DIPB. 

The effect of propylene pressure on the dis- 
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Fig. 8. The isomerization of 4,4'-DIPB under propylene pressure. 
Reaction conditions: 4,4'- DIPB 100 mmol, HM(220) 1 g, propy- 
lene pressure 0-0.8 MPa, temperature 250°C, reaction period 4 h. 
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tribution of 4,4'- and 3,4'-DIPB in encapsulated 
and liquid phase products of the isomerization 
of 4,4'-DIPB is summarized in Fig. 9. The 
percentage of 4,4'-DIPB in DIPB isomers was 
as high as 90% in encapsulated products under 
all pressure conditions. However, extensive iso- 
merization was observed in liquid phase prod- 
ucts without propylene or under low pressures. 
These results also show that the isomerization 
of 4,4'-DIPB did not occur in the pores under 
any pressures, and that 3,4'-DIPB in the liquid 
phase without propylene or under low pressure 
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Fig. 10. TG profiles of the catalyst used for the isopropylation of 
biphenyl. Conditions for TG measurements: catalyst 10 mg, tem- 
perature programmed rate 10°C/min in an air stream. Reaction 
conditions were the same as Fig. 7. 
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Fig. 11. TG profiles of the catalyst used for the isomerization of 
4,4'-DIPB. Conditions for TG measurements were the same as 
Fig. 10, and reaction conditions were the same as Fig. 9. 

was formed by the isomerization of 4,4'-DIPB 
at the external surfaces. 

3.4. Coke deposition in the catalysts 

Figs. 10 and 11 show TG profiles of the 
catalysts used for the isopropylation of biphenyl 
and for the isomerization of 4,4'-DIPB in an air 
stream, respectively. The peaks at lower temper- 
atures of around 250-350°C were ascribed to 
encapsulated organic products in the catalysts. 
The peaks at higher temperatures of 500-650°C 
due to combustion of deposited coke were ob- 
served both in the isopropylation of biphenyl 
and in the isomerization of 4,4'-DIPB under 
propylene pressure. No significant coke-deposi- 
tion occurred by contact of biphenyl with HM 
in the absence of propylene. However, a peak 
appeared in the isomerization of 4,4'-DIPB even 
in the absence of propylene. These results show 
the principal precursor of deposited coke is 
isopropylated biphenyls. 

4. Discussion 

H-mordenite is an excellent catalyst for the 
shape-selective isopropylation of biphenyl. The 
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principal factor controlling the shape-selective 
catalysis is fitting of the pore environment for 
the transition state composed of biphenyl, 
propylene and an acid site to form the slimmest 
isomers, 4-IPBP and 4,4'-DIPB [2,4-9]. The 
isopropylation of biphenyl over HM proceeded 
by successive addition of propylene. Selective 
formation of 4-IPBP and 4,4'-DIPB occurred in 
the HM pores by shape-selective catalysis. 4- 
IPBP is the principal precursor to form DIPB 
isomers, and the participation of 3-IPBP for the 
formation of DIPB isomers is not significant 
except at a late stage of the reaction. These 
differences of reactivity between 3- and 4-IPBP 
can be explained by reactant selectivity due to 
the difference of their bulkiness [1]. The selec- 
tivity of 4,4'-DIPB was higher than that of 
4-IPBP throughout the reaction even at the ini- 
tial stages. The isopropyl group of 4-IPBP may 
give more severe restriction than the 4-hydrogen 
atom of biphenyl in the transition state. These 
mechanisms were supported by high selectivity 
of 4,4'-DIPB in encapsulated products in the 
HM pores after the isopropylation. 

As shown in Fig. 6, the isomerization of 
4,4'-DIPB in the isopropylation of biphenyl oc- 
curred under low propylene pressures. However, 
the total amounts of each of IPBP and DIPB 
isomers had the same profiles under all pressure 
conditions as shown in Fig. 3. The selectivity of 
4,4'-DIPB encapsulated in the HM pores after 
the reaction shown in Fig. 7 indicated 4,4'-DIPB 
was formed selectively in the pores under all 
pressure conditions. This means that the isomer- 
ization occurs after 4,4'-DIPB was formed. As 
shown in Fig. 8, 4,4'-DIPB itself was not iso- 
merized significantly under high propylene 
pressures, but extensive formation of 3,4'-DIPB 
was observed without propylene or under low 
pressures. However, the percentage of 4,4'-DIPB 
encapsulated in the pores was as high as 90% in 
the isomerization of 4,4'-DIPB as shown in Fig. 
9: this corresponds closely with the case of 
isopropylation. These results show that active 
sites for the isomerization of 4,4'-DIPB are not 
in the pores, but at the external surfaces. The 

isomerization of 4,4'-DIPB under high pressures 
is retarded by the preferential adsorption of 
propylene on acid sites. However, the adsorp- 
tion of 4,4'-DIPB predominates over that of 
propylene under low pressure, and thus, the 
isomerization of 4,4'-DIPB occurs at the exter- 
nal sites. 

Takahata and co-workers found the increase 
of the selectivity of 4,4'-DIPB with raising 
propylene pressure over HM with a low 
SiO2/AI203 ratio [13]. Fellmann proposed that 
the increase of the selectivity was ascribed to 
crowding with the accumulation of propylene at 
active sites [20]. However, our results show that 
the change of the selectivity of 4,4'-DIPB with 
propylene pressure is due to the decrease of the 
isomerization of 4,4'-DIPB as discussed above. 

Further isopropylation of 4,4'-DIPB occurred 
only in small amounts under high propylene 
pressure. However, almost no TIPB isomers 
were found in encapsulated products in HM 
pores after the isopropylation of biphenyl and 
after the isomerization of 4,4'-DIPB. HM pores 
are considered to allow the formation of 4- and 
3-IPBP and 4,4'- and 3,4'-DIPB as discussed 
above, while the formation of TIPB is forbidden 
in the pores. Low reactivity of 4,4'-DIPB under 
high propylene pressure shows that external acid 
sites do not participate significantly in the fur- 
ther isopropylation of 4,4'-DIPB. The formation 
of TIPB in the isomerization of 4,4'-DIPB under 
low propylene pressure likely occurred at acid 
sites on the external surfaces by the isopropyla- 
tion of 3,4'-DIPB. 

Coke-deposition was observed under our 
conditions as shown in Figs. 10 and 11. Coke 
was deposited even under low propylene pres- 
sure in the isopropylation of biphenyl. The de- 
posited coke was formed from biphenyl with 
HM only in the presence of propylene. How- 
ever, coke-formation occurred by the contact of 
4,4'-DIPB even in the absence of propylene 
pressure. Coke was deposited in a short period 
after the isopropylation of biphenyl was started 
[9]. These results suggest that the isopropylated 
biphenyls gave deposited coke by dehydrogena- 
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tive condensation of their isopropyl group on 
acid sites as discussed in a previous paper 
[6,8,9]. Propylene oligomers were formed dur- 
ing the reaction [9]. They are also candidates for 
alternative precursors of deposited coke. 

5. Conclusion 

The effect of propylene pressure on the iso- 
propylation of biphenyl was investigated over a 
highly dealuminated HM. The selectivity of 
4,4'-DIPB was up to 90% under 0.8 MPa of 
propylene pressure, whereas the selectivity de- 
creased by isomerization to 3,4'-DIPB under 0.1 
MPa of the pressure. However, the formation of 
3- and 4-IPBP was not influenced by pressure. 
The yield of 4-IPBP reached a maximum at 
50-60% conversion, whereas that of 3-IPBP 
increased monotonously. These results indicate 
that the isopropylation of biphenyl proceeds by 
a consecutive reaction mechanism in the HM 
pores. In the first step, 4-IPBP was yielded 
shape-selectively from biphenyl. In the second 
step, 4-IPBP is the principal substrate to form 
DIPB isomers, and 3-IPBP does not participate 
significantly in the formation of DIPB isomers. 

The isomerization of 4,4'-DIPB during the 
isopropylation of biphenyl occurred extensively 
under low propylene pressures, but decreased 
with increasing the pressure. However, further 
isopropylation of 4,4'-DIPB was not observed 
significantly even under high pressures. Per- 
centages of 4,4'-DIPB in encapsulated products 
for the isopropylation of biphenyl and for the 
isomerization of 4,4'-DIPB was more than 90% 
under all pressures. These results show that the 
decrease of the selectivity of 4,4'-DIPB during 
the isopropylation of biphenyl is not ascribed to 
non-selective reaction in the pores, but to the 
isomerization at external acid sites. 

The isopropylated biphenyls were considered 
principal precursors of deposited coke which 

was formed by dehydrogenative condensation at 
the isopropyl groups on acid sites. 

In conclusion, the results in this work showed 
that selective formation of 4,4'-DIPB occurred 
in the HM pores under any propylene pressures, 
that high selectivity under high pressures is due 
to the prevention of the adsorption of 4,4'-DIPB 
on acid sites because of preferential adsorption 
of propylene, and that the isomerization of 4,4'- 
DIPB under low pressures occurred on external 
acid sites where no propylene was adsorbed. 
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