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The applicability of supercritical methanol was investigated to the selective para methylation of 4-methyl-
biphenyl to produce 4,4’-dimethylbiphenyl, which has recently attracted much attention as a valuable monomer of
thermotropic liquid crystals, engineering plastics and others. The effects of the catalysts, temperature, pressure,
reaction time, initial molar ratio of methanol to 4-methylbiphenyl and initial weight ratio of catalyst to 4-methyl-
biphenyl were evaluated using a batch-type reactor. The combination of supercritical methanol with SAPO-11
catalyst gave an excellent product selectivity of 70-85% of 4,4’-dimethylbiphenyl at 300°C, 14-16 MPa, 0.5 h
reaction time, 15-20 initial molar ratio of methanol to 4-methylbiphenyl and 0.4-0.6 initial weight ratio of catalyst
to 4-methylbiphenyl. Comparing with supercritical and gaseous methanol, the selectivity of 4,4’-dimethyl-
biphenyl in the supercritical phase was 1.5-3.4 times higher than that in the gas phase at the same conversion of

20-50% of 4-methylbiphenyl.
surface.
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1. Introduction

The development of new synthesis methods for sym-
metrically methylated compounds is desirable in many
industrial fields, because of the wide applications as
monomers of liquid crystal polymers and others?. In
particular, the selective synthesis of 4,4’-dimethyl-
biphenyl (4,4’-DMBP) is important as a valuable
monomer for the production of advanced polymeric
materials such as thermotropic liquid crystals and heat-
resistant polymers. 4,4’-DMBP is also a more desir-
able starting material than 4,4 -diisopropylbiphenyl for
the production of 4,4’-biphenyldicarboxylic acid,
because the oxidation of 4,4’-DMBP to the correspond-
ing carboxylic acid proceeds with high yield under mild
conditions and avoids carbon loss?. The product
selectivity for 4,4’-diisopropylbiphenyl is about 90%?,
whereas 4,4’-DMBP is difficult to selectively synthe-
size from biphenyl or 4-methylbiphenyl (4-MBP) and
methanol over a zeolite catalyst. Methylation of
biphenyl with methanol over ZSM-5, Y-type zeolite
and mordenite achieved a selectivity of less than 15%?.
Use of a modified phosphate ZSM-5 for the 4-MBP
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methylation found improved para selectivity, but still
less than 50%*.

Supercritical methanol above the critical temperature
(239°C) and critical pressure (8.1 MPa) shows strong
reactivity for many types of reactions such as esterifica-
tion of polyethylene terephthalate for chemical recy-
cling of PET (poly(ethylene terephthalete)) bottles®,
and transesterification of triglycerides to methylesters
for the conversion of waste cooking oil to biodiesel
fuel®. Recently we reported that ring methylation of
hydroquinone, N-methylation of aniline, and O-meth-
ylation of phenols proceeded selectively without requir-
ing a catalyst using supercritical methanol?.

The present study investigated the use of supercriti-
cal methanol for selective methylation of 4-MBP to
4,4°-DMBP over a zeolite catalyst. The effects of cat-
alysts, reaction temperature, reaction pressure, reaction
time, initial methanol/4-MBP molar ratio and initial
catalyst/4-MBP weight ratio on the 4-MBP conversion
and 4,4’-DMBP selectivity were studied.

2. Experimental Section
A batch-type reactor was used for all experiments.
The experimental apparatus is shown in Fig. 1. The

reactor was made of 316 stainless steel and the inner
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A:Stand D: Agitator
B:Hanger E:Molten salt bath
C:Reactor T:Thermometer

Fig. 1 Experimental Apparatus

volume was 8.9-9.1 cm?. The reactor was completely
immersed in a molten salt bath. The reaction tempera-
ture was considered to be equal to the temperature of
the salt bath. The reaction pressure was calculated
from the p-T relationship of methanol®, as the reactant
was assumed to be pure supercritical methanol because
this was the major component in the reactor. The
methanol density was determined from the weight of
methanol charged into the reactor and the reactor inner
volume.

The reactor was charged with 0.05-1.6 g of 4-MBP,
0.2-2.4 g of methanol and 0.03-1 g of catalyst. Then
the reactor was sealed without deairing and immersed
into the salt bath at 250-450°C. After 0.1-1h, the
reactor was taken out of the salt bath and cooled in
water quickly to stop the reaction as soon as possible.
The reactor was dried and opened, and the product and
unreacted starting materials were removed from the
reactor by dissolution in acetone. The products and
unreacted 4-MBP were analyzed using GC (gas chro-
matography) and GC-MS (mass spectroscopy).

Typical GC analysis conditions were as follows: He
carrier gas, DB-210 column (J&W Corp.), column tem-
perature of 100°C increasing to 230°C at 10°C/min,
and FID (hydrogen-flame ionization detector).

The catalysts were SAPO-11219,  ZSM-5
(CBV5020E, Zeolyst Int.), Y-type zeolite (Zeolyst
Int.), mordenite (Zeolyst Int.), and silica-alumina
(Nikki Chemical Corp.) dried at 600°C for 6 h. All
chemicals with guaranteed grade were used as received.

The 4-MBP (reactant) conversion and product selec-
tivity were calculated as follows:
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4-MBP conversion (%) = ([4-MBP]o — [4-MBP])/
[4-MBP]o x 100
Product selectivity (%) = [Product]/([4-MBP]o
—[4-MBP]) x 100
The molecular sizes of the reactant and products
were calculated by optimization of the molecular struc-
ture and the van der Waals radii of the carbon atom in
the methyl group (0.2 nm), the carbon atom in the aro-
matic ring (0.17 nm) and the hydrogen atom (0.12 nm)
using the MOPAC program.

3. Results and Discussion

The catalytic methylation of 4-MBP with supercriti-
cal methanol is given by

/

H:C~ )« )~CHs
4,4’-DMBP
H;C HiC CH;3
+ - 3,4-DMBP 3,4’-DMBP
CH3;OH
’ CH3 HsC

2,4-DMBP 2,4’-DMBP
o /

where DMBP is the abbreviation of dimethylbiphenyl.

Table 1 presents the results of the methylation of 4-
MBP with supercritical methanol over silica-alumina,
ZSM-5, SAPO-11 or mordenite catalyst at 300°C, 14.7
MPa (methanol density 0.2 g/cm?), reaction time 1 h,
20 initial MeOH /4-MBP molar ratio and 0.6 initial cat-
alyst/4-MBP weight ratio. The structural formulae of
the 5 DMBP isomers are shown in the reaction formula
above. SAPO-11 showed high 4,4’-DMBP selectivity
but ZSM-5 and mordenite did not. The high selectivi-
ty of SAPO-11 seemed to result from the narrow pore
structure and weak acidity of the catalyst. SAPO-11
showed the highest DMBP selectivity and 4,4’-DMBP
composition in the DMBP isomers, and the latter
exceeded 90%. The pore structure of SAPO-11 is
probably optimum for the formation of DMBPs, espe-
cially 4,4’-DMBP with the slimmest molecular shape
of all DMBP isomers.

The product ‘others’ in Table 1 includes unknown
components and the selectivity was calculated by 100—
(sum of the product selectivity except for ‘others’).
There were no peaks corresponding to ‘others’ in the
GC-MS analysis, but might have been trapped in the
GC column due to high boiling points. Less volatile
byproducts such as polymethylbenzenes and condensed
aromatic compounds are formed in the gas phase reac-
tion of biphenyl and methanol to form 4,4’-DMBP over
Y-type zeolite at 350°C and 3 MPa?.

To investigate the reason for the high selectivity of
4,4-DMBP production over SAPO-11, the molecular
sizes of 4-MBP (reactant) and 4,4’- and 3,4’-DMBP
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Table 1 Methylation of 4-MBP with Supercritical Methanol over Several Types of Zeolites
Pore size 4-MBP Product selectivity [%] Composition of DMBP isomers
Catalyst [nr;l] conversion [mol%]
[%] Bip 4,4-DMBP Other DMBPs® TriMBP Others 4,4~ 34- 24- 34- 24-
Silica-alumina None 6.5 6 26 27 4 37 49 12 11 12 16
ZSM-5 0.53 x 0.56 3.6 11 10 15 0 64 40 44 8 8 0
SAPO-11 0.39 x 0.63 13.7 3 67 5 1 24 93 5 1 1 0
Mordenite 0.65 x 0.70 9.0 4 25 29 3 39 46 9 12 13 20
Reaction conditions: 300°C, 14.7 MPa (methanol density 0.2 g/cm?), reaction time 1 h.
Methanol = 1.85 g, 4-MBP = 0.48 g, Catalyst =0.29 g.
Initial MeOH/4-MBP molar ratio =20. Initial catalyst/4-MBP weight ratio = 0.6.
Bip: Biphenyl, DMBP: Dimethylbiphenyl, TriMBP: Trimethylbiphenyl.
a) Other DMBPs are DMBP except for 4,4’-DMBP.
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isomers (products) were calculated using the MOPAC
program'? and compared with the pore size of SAPO-
11. The result is illustrated in Fig. 2. The order of
the maximum sizes was as follows: pore of SAPO-11=
3,4’-DMBP > 4,4’-DMBP =4-MBP. As the size of
the 3,4-DMBP molecule from the upper side was
almost equal to the pore size of SAPO-11, production
of 3,4’-DMBP was expected to be restrained by steric
hindrance to some extent. The formation of 2.4-,
2,4’-, and 3,4-DMBPs with the same size from the
upper side was also suppressed for the same reason.
On the other hand, 4,4’-DMBP was slim enough to
pass through the pore of SAPO-11 and so was preferen-
tially synthesized from 4-MBP.

The present study also investigated the effect of
supercritical methanol on the reaction conversion and
product selectivity using SAPO-11 catalyst. Figure 3
shows the temperature effect on 4-MBP conversion,
product selectivity and 4,4’-DMBP composition in
DMBP isomers using 0.2 g/cm? supercritical methanol.
In this case, the pressure changed from 9.3 MPa at
250°C to 29 MPa at 450°C. The 4-MBP conversion
increased with the temperature monotonously, whereas
4,4’-DMBP selectivity and composition in DMBP iso-
mers reached maximums at around 300°C. 3.4’-
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Temperature [°C]

O: 4-MBP conversion, []: 4,4’-DMBP selectivity, <: 3,4’
DMBP selectivity, V: TriMBP selectivity, A: 4,4’-DMBP com-
position in DMBP isomers.

Fig. 3 Effect of Temperature on Methylation of 4-MBP with
Supercritical Methanol over SAPO-11 at 9.3-29 MPa
(0.2 g/cm® of methanol density), | h of Reaction Time,
20 of Initial MeOH/4-MBP Molar Ratio and 0.6 of
Initial Catalyst/4-MBP Weight Ratio

DMBP selectivity increased from 300°C and reached
the maximum at 400°C because 4,4’-DMBP isomerized
to thermodynamically more stable 3,4’-DMBP#-12.
When the reaction temperature increased further, the
trimethylbiphenyl selectivity increased gradually.
These results indicate that successive reaction of 4-
MBP— 4,4’-DMBP— 3,4’-DMBP— TriMBP occurred
with the increase in the temperature. In the gas-phase
methylation from 4-MBP to 4,4’-DMBP over modified
phosphate ZSM-5, the appropriate reaction temperature
is about 300°C to avoid side reactions®.

Figure 4 compares 4-MBP conversion and 4,4’-
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Fig. 4 Comparison of 4-MBP Conversion and 4,4’-DMBP
Selectivity in Supercritical Methanol (9.3-29 MPa, 0.2
g/em?® of methanol density) with Those in Gaseous
Methanol (2.8-3.3 MPa, 0.02 g/cm? of methanol densi-
ty) over SAPO-11 at 1 h, 20 of Initial MeOH/4-MBP
Molar Ratio and 0.6 of Initial Catalyst/4-MBP Weight
Ratio

DMBP selectivity in supercritical methanol phase and
in gaseous methanol. 4-MBP conversion in the gas
phase was higher than that in the supercritical phase,
whereas 4,4’-DMBP selectivity showed the opposite
behavior. The maximum 4,4’-DMBP selectivity in
the supercritical phase was 67%, 3.4 times higher than
that in the gas phase at the same temperature. The
maximum 4,4’-DMBP composition in DMBP isomers
in the supercritical phase was 93%, 4.8 times higher
than that in the gas phase.

Figure 5 shows the relationship between 4-MBP
conversion and 4,4’-DMBP selectivity in the supercriti-
cal and gas phases. The experimental data were the
same as those shown in Fig. 4. The 4,4’-DMBP
selectivity in the supercritical phase was much higher
than that in the gas phase, especially in the low 4-MBP
conversion region. For example, supercritical
methanol achieved three times higher selectivity than
gaseous methanol at the same conversion of 25%, over
SAPO-11 catalyst.

Zeolites including SAPO-11 have acid sites on both
the external and internal surfaces of the catalyst.
SAPO-11 has a surface area of 240 m?/g, so the internal
surface area is probably much greater than the external
surface area. Therefore, the number of acid sites on
the internal surface can be assumed to be much larger
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Fig. 5 Relation between 4-MBP Conversion and 4,4’-DMBP
Selectivity in Supercritical and Gas Phases over SAPO-
11 at 250-450°C, 1h, 20 of Initial MeOH/4-MBP
Molar Ratio and 0.6 of Initial Catalyst/4-MBP Weight
Ratio

than that on the external surface. Furthermore, both
internal and external acid sites are likely to be deacti-
vated by coke at the same rate, and the acid sites were
deactivated by supercritical methanol more rapidly than
by gaseous methanol because the former has a higher
methanol density.

Based on these three assumptions, there are two pos-
sible mechanisms to explain the high product selectivi-
ty of 4,4’-DMBP in supercritical methanol. The first
mechanism is as follows. In a short reaction time, the
number of the remaining active acid sites on the exter-
nal surface greatly decreases, whereas the number on
the internal surface does not decrease so much in the
supercritical methanol phase because the total number
of the acid sites is quite different between internal and
external surfaces. As a result, 4-MBP methylation
proceeds preferentially at the internal acid sites which
controlled the product shape to form the para isomers
of DMBPs. In contrast, the external acid sites are not
deactivated so rapidly in the gas phase with low
methanol density, so the methylation proceeds on both
external and internal sites. The second mechanism is
as follows.  Supercritical methanol deposits more coke
in the pores of SAPO-11 than gaseous methanol. Asa
result, the pore size of SAPO-11 is slightly narrowed
which increases the para selectivity in supercritical
methanol'. This effect would be smaller in gaseous
methanol with low density.

The effect of the reaction pressure on the methyla-
tion of 4-MBP over SAPO-11 was investigated at
300°C, where the maximum selectivity of 4,4’-DMBP

Vol. 47, No.2, 2004



140

100 T T T

[=)) o]
(=) (=]
T T

EN
(=]
-

4-MBP Conversion,4,4-DMBP Selectivity,
4,4'-DMBP Composition [%]

(3%
(=]
T

0 5 10 15 20

Pressure [MPa]

O: 4-MBP conversion, []: 4,4-DMBP selectivity, A: 4,4°-
DMBP composition in DMBP isomers.

Fig. 6 Pressure Effect on Methylation of 4-MBP over SAPO-
11 at 300°C, 1h, 20 of Initial MeOH/4-MBP Molar
Ratio and 0.6 of Initial Catalyst/4-MBP Weight Ratio

was obtained. The result is shown in Fig. 6. 4-
MBP conversion decreased with increasing pressure
gradually, whereas 4,4’-DMBP selectivity and 4,4’-
DMBP composition in DMBP isomers increased.
These findings were probably due to the same reasons
mentioned above, that high pressure caused an earlier
decrease in the number of external acid sites or reduc-
tion of the pore size of SAPO-11. Furthermore, high
pressure increased 4,4’-DMBP formation with the
smallest activation volume among the isomers. In the
supercritical region of 16.3 MPa, 4,4’-DMBP selectivi-
ty was very high and approached 90%, and 4,4’-DMBP
composition in DMBP isomers was 92%. This result
indicates that most products were DMBP isomers and
the principal isomer was 4,4’-DMBP.

The effect of the initial MeOH/4-MBP molar ratio
was investigated at 300°C and 15 MPa, at which the
4,4’-DMBP selectivity was high, as shown in Fig. 7.
The amount of 4-MBP loaded in the reactor was
changed with a constant amount of methanol. The
reaction pressure was calculated from the p-T relation-
ship of methanol assuming that the reactant was pure
supercritical methanol. An increase in the initial
methanol ratio resulted in a gradual increase in the 4-
MBP conversion and moderate increases in the 4,4’-
DMBP selectivity and 4,4’-DMBP composition. On
the other hand, a high methanol ratio suppressed the
selectivity for 3,4’-DMBP and TriMBP. As men-
tioned previously, a large amount of supercritical
methanol was expected to deactivate the external acid
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Fig. 7 Effect of Initial Methanol/4-MBP Molar Ratio on
Methylation of 4-MBP with Supercritical Methanol
over SAPO-11 at 300°C, 15MPa, 1h, 0.6 of Initial
Catalyst/4-MBP Weight Ratio

sites earlier or narrow the catalytic pores thus favoring
selective para methylation at the internal acid sites. A
large excess of methanol to 4-MBP was useful to
increase the 4-MBP conversion, 4,4’-DMBP selectivity
and 4,4’-DMBP composition, but would increase the
process costs. Judging from these two opposite fac-
tors, an initial MeOH/4-MBP molar ratio of 15-20
would be reasonable for industrial production.

Figure 8 shows the effect of the initial catalyst/4-
MBP weight ratio on methylation of 4-MBP. An
increase in the ratio of SAPO-11 resulted in a slight
increase in 4-MBP conversion and 4,4’-DMBP compo-
sition. However, the 4,4’-DMBP selectivity increased
up to an initial catalyst/4-MBP weight ratio of 0.4 and
then decreased slightly. In contrast, TriMBP selectiv-
ity gradually increased at an initial catalyst ratio of 0.4,
supporting the assumption of conversion from 4,4’-
DMBP to TriMBP. A large amount of catalyst did not
improve the 4,4’-DMBP selectivity. The initial cata-
lyst/4-MBP weight ratio of 0.4 was optimum for the
synthesis of 4,4’-DMBP.

Figure 9 shows the effect of the reaction time on the
methylation of 4-MBP. 4-MBP conversion increased
slowly until 1h, and 4,4’-DMBP selectivity increased
until 0.5h and did not subsequently change. The
increase in 4,4’-DMBP selectivity was probably due to
the same reasons mentioned in Fig. 5. Reuse of
SAPO-11, after methylation for 1 h, resulted in 4-MBP
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Methylation of 4-MBP with Supercritical Methanol
over SAPO-11 at 300°C, 15 MPa, 1 h and 20 of Initial
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conversion of only 2% for 1 h methylation. Therefore,
the methylation had almost stopped after 1h over
SAPO-11 because of deactivation of the catalyst.

4. Conclusions

The present study obtained several useful results for
the shape-selective methylation of 4-MBP to 4,4’-
DMBP with supercritical methanol and SAPO-11:

(1) The optimum conditions to produce 4,4’-DMBP
from 4-MBP with methanol and a zeolite catalyst were
reaction temperature 300°C, pressure 14-16 MPa
(methanol density 0.2-0.25 g/cm?), reaction time 0.5 h,
initial MeOH/4-MBP molar ratio 15-20, initial cata-
lyst/4-MBP weight ratio 0.4-0.6 and SAPO-11 catalyst.
(2) Supercritical methanol increased 4,4’-DMBP selec-
tivity and decreased 4-MBP conversion, probably by
earlier deactivation of the external acid sites or
decrease in the pore size of the catalyst by coke forma-
tion.

(3) The maximum selectivity for 4,4’-DMBP was more
than 85%, and 4-MBP conversion was around 10% at
the same reaction condition.

(4) The methylation almost stopped after 1 h due to
deactivation of the catalyst.
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