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an investigation in the high-pressure fixed-bed flow reactor

Jun Wang,1 Jung-Nam Park, Yong-Ki Park, and Chul Wee Lee∗

Advanced Chemical Technology Division, Korea Research Institute of Chemical Technology (KRICT), PO Box 107, Yusung, Daejeon 305-600, South Korea

Received 15 October 2002; revised 17 December 2002; accepted 29 April 2003

Abstract

Catalytic performances of USY, H-mordenite, dealuminated H-mordenite, and H-MCM-22 zeolite catalysts in the isopropylation
thalene by isopropyl alcohol with decalin or cyclohexane as a solvent were compared in a high-pressure fixed-bed flow reacto
USY catalyst, reaction conditions, such as reaction temperature and pressure, reactant ratio and space velocity, and solvent co
and type, were controlled to investigate in detail the effect of reaction conditions on the catalytic activity. Over H-mordenite, it wa
that 2,6-diisopropylnaphthalene (2,6-DIPN) could be selectively synthesized with a 2,6-/2,7-DIPN ratio of 2.46, and dealumination cou
enhance not only the selectivity of 2,6-DIPN, with a 2,6-/2,7-DIPN ratio of 2.67, but also the conversion of naphthalene, which was 27
three times as high as that over the unmodified one at 6 h of reaction time on stream. However, neither the H-mordenite or the de
one were catalytically stable and the selectivity of DIPN was at a very low level of less than 12%. In contrast, over the USY ca
high and stable conversion of about 90%, a high selectivity of DIPN of more than 40%, and a considerable 2,6-/2,7-DIPN ratio of 1.46
could be achieved by adjusting the reaction conditions, although no shape selectivity was observed on USY. On the other hand,
2,6-/2,7-DIPN ratio of 0.47 with a low conversion of about 30% was revealed over H-MCM-22, which indicates that the reaction tak
on the external surface of this zeolite. An attempt has been made to explain the catalytic activity, selectivity, and stability in relati
zeolite structures, product properties, and reaction conditions.
 2003 Published by Elsevier Inc.
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1. Introduction

Alkylation of naphthalene is of industrial importance f
producing 2,6-dialkylnaphthalenes (2,6-DAN), the prec
sor of naphthalene-2,6-dicarboxylic acid used in the syn
sis of advanced aromatic polymer materials such as p
ethylene naphthalate, polybutylene naphthalate, and
motropic liquid crystalline polymers. Further expansion
the utilization of these materials depends on the developm
of an efficient method for preparation of 2,6-DAN.

There are as many as 10 possible DAN includingα,α-
(1,4-; 1,5-; 1,8-),α,β-(1,6-; 1,7-; 1,3-; 1,2-), andβ,β-(2,6-;
2,7-; 2,3-) disubstituted isomers, and in fact, 1,2-, 1,8-,
2,3-isomers are not frequently detected in the reaction p

* Corresponding author.
E-mail address: chulwee@pado.krict.re.kr (C.W. Lee).

1 On a study leave from the Department of Chemical Engineering, N
jing University of Technology, Nanjing 210009, China.
0021-9517/$ – see front matter 2003 Published by Elsevier Inc.
doi:10.1016/S0021-9517(03)00212-4
-

t

uct mixture due to the placement of alkyl groups at adjac
nucleus positions [1]. Because of the difficulty of complet
separating these isomers, especiallyβ,β-isomers [2], the se
lective production of 2,6-DAN with a high 2,6-/2,7-DAN
ratio by alkylation of naphthalene is highly desired. Ho
ever, selective synthesis of 2,6-DAN is difficult by alkyl
tion of naphthalene with conventional Friedel–Crafts ca
lysts [3,4] or over silica–alumina catalyst [5,6], which le
to low β,β-selectivity and equal amounts of 2,6- and 2
isomers. Therefore, the use of shape-selective properti
zeolites in the alkylation of naphthalene should be helpfu
the synthesis of 2,6-DAN, although the average molec
dimensions of theβ,β-isomers are very similar.

Various alkylating agents, such as methanol [7–9], e
nol [10], isopropyl alcohol [11–16], propene [11,17–1
isopropyl bromide [20],tert-butyl alcohol [21–23], cyclo-
hexyl bromide [24,25], and cyclohexene [24–26], have b
evaluated in this type of reaction over various zeolite c
alysts. Among these studies, isopropylation of naph

http://www.elsevier.com/locate/jcat
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lene has been attracting much attention for both prac
and fundamental reasons. On the one hand, the isop
group is more sterically hindered than the methyl gro
implying a high possibility of the selective synthesis of 2
diisopropylnaphthalene (2,6-DIPN) in the suitable intracr
talline channel of zeolite. On the other hand, 2,6-DIPN
more easily oxidized into naphthalene-2,6-dicarboxylic a
as compared with 2,6-dimethylnaphthalene, and has m
atomic economy in the oxidation process as compared
2,6-di-tert-butylnaphthaleneor 2,6-dicyclohexylnaphthal
Indeed, Katayama et al. first found a higher selectivity of
mordenite for 2,6-DIPN than for H-Y, H-L, and H-ZSM-
respectively [11]. After that, dealuminated mordenite w
revealed to be more active and selective for 2,6-DIPN t
the unmodified one [12,17,18,27–30]. By contrast, some
erature demonstrated that H-Y is also a promising cata
in terms of activity,β,β-selectivity, and/or 2,6-/2,7-DIPN
ratio in both liquid and gas-phase reactions [13,20,31,32

However, most of the previous studies have been ca
out in an autoclave. Since the serious drawback of the a
clave reactor is the difficulty of evaluating the catalyst sta
ity, up to now, only a few papers have investigated the sta
ity of the catalyst in this reaction. For example, Inui and
workers [14] carried out the isopropylation of naphthale
by isopropyl alcohol using the atmospheric pressure fl
fixed-bed reactor over Y, Beta, mordenite, MCM-41, a
MCM-48 catalysts, respectively, and deactivation was fo
on all catalysts within 3 h of reaction time on stream, w
Y zeolite being comparatively stable. Colon et al. [15,
performed this reaction over H-Y and H-Beta catalysts
flow reactor under high pressure, but they used a high
action temperature of 350◦C, and a high number of sid
reactions occurred. Very recently, Kamalakar et al. [23]
tempted the vapor-phasetert-butylation of naphthalene ove
cerium-modified Y zeolites and revealed a clear decrea
conversion of naphthalene with time on stream.

In this work, we have investigated, in detail, the cataly
activity, selectivity, and stability of a commercially availab
USY (ultrastable H-Y zeolite) in the isopropylation of nap
thalene by isopropyl alcohol using a high-pressure fixed-
flow reactor. In order to understand the catalytic beha
of the USY catalyst, a comparative investigation is also
formed with H-mordenite and H-MCM-22 zeolite catalys

2. Experimental

USY (CBV780, SiO2/Al2O3 = 80) and H-M (H-morde-
nite, CP814, SiO2/Al2O3 = 25) were from Zeolyst. Naph
thalene was from Junsei Chem. Co. Ltd., Japan; isopr
alcohol from Duksan Pure Chem. Co. Ltd., Korea; dec
from Kanto Chem. Co. Inc., Japan; and cyclohexane f
Aldrich. All chemicals were guaranteed reagent grade
used as purchased. The dealuminated H-mordenite was
pared by treatment of H-M in a 2 M HCl aqueous solut
at 80◦C for 2 h, followed by calcination in a muffle furnac
l

f

-

at 550◦C for 8 h. The above procedure was repeated o
more. The obtained sample was designated as H-MD.
SiO2/Al2O3 ratio of 49 for H-MD was obtained by the ICP
AES analysis. Na-MCM-22 (SiO2/Al2O3 = 30) was syn-
thesized according to previous literature [33]. H-MCM-
was prepared by the repeated ion exchange of Na-MCM
with an aqueous solution of ammonium nitrate, followed
drying and calcination.

All experiments were carried out in a high-press
fixed-bed down-flow microreactor with an inner diame
of 10 mm. The reactant mixture of naphthalene, isopro
alcohol, and decalin or cyclohexane was injected by a h
pressure pump into the tubular stainless-steel reactor
middle stage of which was charged with 1.0 g of cata
in the form of granules (20–40 mesh). The catalyst was
tially pretreated in situ in N2 flow at 550◦C for 6 h before
reactants were injected into the reactor. The typical reac
conditions were as follows: 250◦C reaction temperature
3.0 MPa reaction pressure, 5.3 h−1 weight hourly space ve
locity (WHSV, total liquid feed), 6 h reaction time on strea
(TOS), and 1:2:6 molar ratio of naphthalene, isopropyl
cohol, and decalin (or cyclohexane) in liquid feed. Also
keep the system at a steady high pressure, 20 ml/min of N2
was introduced cocurrently with the reaction feed into
reactor at the reactor head. Under these reaction condit
the reaction could take place in the liquid phase. For U
catalysts, the reaction conditions were altered systemati
to test the effect of reaction conditions. The reactor efflu
was condensed in the sampler at−10◦C by cold ethano
and sampled hourly. Reactants and products were ana
by GC (HP 5890 II) using FID as the detector furnish
with a 60 m× 0.25 mm× 0.25 µm SE54 (J&W Scientific
capillary column. The analytical conditions was as follow
flow rate of He (carrier gas) in the column of 0.78 ml/min;
split ratio of 80; sample injection volume of 0.1 µl; detec
temperature of 300◦C; and injection temperature of 250◦C.
The column oven temperature program started with an in
temperature of 40◦C for 2 min, followed by a temperatur
increase rate of 4◦C/min and a final temperature of 280◦C
for 30 min. The conversion and selectivity were calcula
as follows. Conv. = (Mn0−Mn)/Mn0×100%, where Conv
is conversion of naphthalene,Mn0 is the molar percentag
of naphthalene before reaction, andMn is the molar percent
age of naphthalene after reaction. Sel. = M1/Mt × 100%,
where Sel. is the selectivity of IPN (monoisopropylna
thalene), DIPN, or PIPN (polyisopropylnaphthalene),M1 is
the molar percentage of IPN, DIPN, or PIPN, andMt is the
sum of molar percentage of the above three kinds isopr
lated products.β,β-Selectivity= (M2,6-DIPN+M2,7-DIPN+
M2,3-DIPN)/MtDIPN × 100%, whereM2,6-DIPN, M2,7-DIPN,
andM2,3-DIPN are the molar percentages of 2,6-DIPN, 2
DIPN, and 2,3-DIPN, respectively, andMtDIPN is the sum
of the molar percentage of all the DIPN isomers. 2,6-/2,7-
DIPN stands for the molar ratio of 2,6-DIPN to 2,7-DIP
and 2-/1-IPN for 2-IPN to 1-IPN. Since only a neglig
ble amount of 2,3-DIPN was observed in this work,β,β-
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selectivity could be understood as the selectivity of 2
DIPN and 2,7-DIPN.

3. Results and discussion

3.1. Conversion, selectivity, and stability of various zeolite
catalysts

Table 1 compares the product selectivity over various
olite catalysts at a similar conversion level in the range
17.3–22.6%. It is observed that IPN is the major produc
all catalysts, while less than 1% of PIPN is detected on H
H-MD, or H-MCM-22 catalysts, and the DIPN andβ,β-
selectivity on USY is the highest among the four differe
catalysts. Moreover, H-MD gives both the highest 2,6-/2,7-
DIPN, and 2-/1-IPN ratios andβ,β-selectivity while those
on H-MCM-22 are very low. Although a very highβ,β-
selectivity of 85% is observed on USY, 2,6-/2,7-DIPN is
rather low at 0.34. When the conversion and selectivity
compared under the same reaction conditions, as show
Table 2, it is indicated that the naphthalene conversion
creases in the order of USY> H-MCM-22 > H-MD >

H-M, and DIPN becomes the major product only on US
Furthermore, H-MD still possesses the highest 2,6-/2,7-
DIPN, 2-/1-IPN, andβ,β-selectivity, while those on H
MCM-22 are still at a low level of 0.98. However, with
very high conversion of 89.9%, USY exhibits a much hig
2,6-/2,7-DIPN ratio of 1.28 than that in Table 1 of 0.34, a
at the same time,β,β-selectivity drops to a comparative
low level of 52.8%. These results imply that for the US
catalyst the reaction conditions could impose a signific
effect on the product distribution.

Catalytic activity and stability of four different zeolite
under typical reaction conditions are plotted and compa
in Fig. 1. It is obvious that USY is a very stable and act
catalyst with conversion of about 90%, and by contrast, H

Table 1
Comparison of catalytic selectivity of various zeolites at a conversio
about 20% in the isopropylation of naphthalene by isopropyl alcohola

Catalyst

USYb H-Mc H-MDd H-MCM-22c

Conv. (mol%) 18.5 17.3 22.6 21.1
Sel. (mol%)
IPN 65.4 86.4 84.3 91.3
DIPN 23.0 13.6 14.9 8.1
PIPN 11.7 0 0.8 0.6
2-/1-IPN 0.36 1.61 3.55 0.86
2,6-/2,7-DIPN 0.34 2.02 3.12 0.47
β,β-Selectivity (mol%) 85.0 78.5 86.3 34.9

a Reaction conditions: reaction pressure= 3.0 MPa, WHSV= 5.3 h−1

(total liquid feed), naphthalene:isopropyl alcohol:decalin= 1:2:6 (molar),
others are indicated below.

b Reaction temperature= 200◦C, TOS= 1 h.
c Reaction temperature= 250◦C, TOS= 2 h.
d Reaction temperature= 230◦C, TOS= 2 h.
Table 2
Catalytic activity and selectivity of different zeolites in the isopropylat
of naphthalene by isopropyl alcohol under typical reaction conditionsa

Catalyst

USY H-M H-MD H-MCM-22

Conv. (mol%) 89.9 9.7 27.4 31.3
Sel. (mol%)
IPN 31.9 93.8 88.5 93.1
DIPN 40.1 6.2 11.1 6.7
PIPN 28.0 0 0.4 0.2
2-/1-IPN 1.25 1.61 2.36 1.30
2,6-/2,7-DIPN 1.28 2.46 2.67 0.98
β,β-Selectivity (mol%) 52.8 100 83.1 55.3

a Reaction conditions: reaction temperature= 250◦C, reaction pres-
sure= 3.0 MPa, WHSV= 5.3 h−1 (total liquid feed), TOS= 6 h, naph-
thalene:isopropyl alcohol:decalin = 1:2:6 (molar).

Fig. 1. Catalytic activity and stability of four different zeolite catalysts in
isopropylation of naphthalene by isopropyl alcohol under typical reac
conditions (reaction temperature= 250◦C, reaction pressure= 3.0 MPa,
WHSV = 5.3 h−1 (total liquid feed), TOS= 6 h, naphthalene:isopropy
alcohol:decalin= 1:2:6 (molar)).

deactivates to a conversion of lower than 10% after 6 h T
Through dealumination, the activity of H-MD increases s
stantially; however, it still exhibits deactivation with reacti
time on stream. For H-MCM-22, the activity is rather stab
but at a low conversion of 20–30%.

2,6-DIPN and 2,7-DIPN are the slimmest among the
DIPN isomers, with the molecular dimension of the f
mer (0.661× 0.661× 1.423 nm) being only slightly smalle
than the latter (0.662× 0.726× 1.376 nm) [34], and thus
it should be difficult to obtain a high 2,6-/2,7-DIPN ratio
even with shape-selective zeolite catalysts. As shown in
bles 1 and 2, whatever the conversion, a 2,6-/2,7-DIPN ratio
higher than 2.0 can always be observed on the two empl
mordenite catalysts, indicating the shape-selective forma
of 2,6-DIPN. This observation is in a good agreement w
the previous results [11,12,17,18]. It is known that mord
ite consists of a unique unidimensional pore channel with
12-membered ring (12MR) window of 0.65× 0.70 nm [32].
Considering the more linear structure of 2,6-DIPN than t
of 2,7-DIPN, it is reasonable to deduce that in the unidim
sional tunnels of mordenite, the attack of isopropyl alco
to 2-IPN is more preferable at position 6 of 2-IPN than t
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at position 7, resulting in the selective formation of 2
DIPN. This proposal is suggested by molecular graphics
molecular mechanics studies [35], which pointed out the
istence of significant energy barriers when the 2,7-iso
is diffusing in mordenite channels while the diffusion
the 2,6-isomer is unimpeded, and very recently reconfir
by the first principal quantum chemical method [34], wh
revealed that the 2,6-isomer could diffuse through the m
denite main channels the easiest among the possible iso
This shape-selective effect of mordenite also causes the
low selectivity of PIPN (Tables 1 and 2). Despite the exp
imental and theoretical evidence for the shape selectivit
mordenite in this reaction, and considering the very sl
difference in their molecular size, one still tends to susp
that this size effect cannot sufficiently account for the f
that the ratio of 2,6-/2,7-DIPN is higher than 2.0. How
ever, based on computational analysis using MOPAC, S
et al. [36] put forward a hypothesis termed as restricted e
tronic transition-state selectivity effected by frontier elect
density, which demonstrates that the carbon at positio
of 2-IPN has a higher frontier electron density than t
of position 7 and thus higher reactivity toward electroph
substitution, suggesting that the formation of 2,6-DIPN
more electronically favored than that of 2,7-DIPN. As a c
sequence, the high 2,6-/2,7-DIPN ratio on mordenite mus
arise from the combined effect of the conventional shape
lectivity and the specific restricted electronic transition-s
selectivity.

Accompanied with high selectivity, severe deactivat
and thus low activity are found for H-M. Due to its un
dimensional pore structure, the deactivation of H-M see
to be accelerated by the formation of polynuclear crack
coking products at the major channel mouth, blocking ac
for the reactant to the internal sites of the channel in
mordenite zeolite. Dealumination of H-M not only reduc
the number of acid sites but also modifies the pore di
bution, resulting in an increase of mesopore structure [
It could therefore be considered that low acid density m
lead to the slow deactivation of the catalyst. Meanwhile,
creased mesoporosity could introduce more reactants in
facilitate the products desorbing out of the mordenite
jor channels. Thus, over H-MD, more contributions fro
the internal channel surface could be expected for the o
all product distribution, as compared with unmodified H-
This could be a possible interpretation for the higher ac
ity, stability, and 2,6-/2,7-DIPN ratio over H-MD than thos
over H-M (Tables 1 and 2 and Fig. 1).

MCM-22 is a medium-sized pore zeolite with a superc
(0.71× 0.71× 1.82 nm) and narrow pore window (10MR
0.52 nm) [37]. Theoretically, the narrow pore windows
MCM-22 make it impossible for the reactant to diffuse in
and the product to desorb out of the zeolite channels,
therefore, the reaction likely occurs at the acid sites on
external surface. This is the reason why H-MCM-22 sho
a low β,β-selectivity and 2,6-/2,7-DIPN ratio and is sta
ble with low conversion (Tables 1 and 2). However, w
s.
y

r

is unexpected on H-MCM-22 is the observation of mu
lower PIPN selectivity, which is very similar to those on t
two different mordenite catalysts. It was found recently [
that H-MCM-22 possesses a high concentration of str
acid sites; however, they locate mostly inside the superc
and narrow channels, and are inaccessible to the rea
On the other hand, only some medium-strength acid s
are located on the external surface of this zeolite, and t
medium strength acid sites are supposed to contribute t
formation of IPN, and not PIPN [23,31], resulting in the lo
selectivity of PIPN.

In contrast to the low and unstable activity and low
lectivity for DIPN over mordenite catalysts, USY exhib
a high conversion of 90% up to the employed 6 h T
with 40% of DIPN a main product. Moreover, under su
able reaction conditions, a considerable 2,6-/2,7-DIPN ratio
of 1.28 is achieved, which is higher than that in the equi
rium of DIPN isomer mixtures (about 1) [1]. Y zeolite has
three-dimensional 12MR channel (0.74 nm) with large in
val cavities (1.3 nm). When USY is prepared from (NH4

+,
Na)-Y zeolite by hydrothermal treatment [39,40], a la
amount of mesopores could be generated with the dec
of acid density and the increase of acid strength. As a co
quence, the high and stable activity of USY in Fig. 1 co
be ascribed to its easily accessible pore channel and low
density. On the other hand, the strong acidity of USY mi
associate with the comparatively high selectivity of PI
(28.7%) in Table 2 [23,31]. It is also noteworthy in Table
that theβ,β-selectivity of 52.8% over USY is lower than th
thermodynamic equilibrium value (> 70%) [1]. This obser-
vation possibly arises from the shape selectivity that oc
in the entrance to the pores of large-pore zeolites, w
causes relatively high selectivity for 1,3- and 1,4-DIPN, a
simultaneously decreases theβ,β-selectivity [41].

Now that the high and stable activity, as well as
high 2,6-/2,7-DIPN ratio, can be achieved over USY, a
moreover, catalytic activities can be altered to a great ex
by changing reaction conditions, further investigation un
various reaction conditions is then focused on the USY
alyst as below.

3.2. Effect of the reaction temperature

Fig. 2 shows the activity and selectivity of USY as a fu
tion of the reaction temperature during the isopropyla
of naphthalene. It is observed in Fig. 2A that the conv
sion increases rapidly with the reaction temperature u
230◦C, and it goes up very slowly beyond 230◦C, showing
that the conversion reaches to 93% at 300◦C. At the same
time, IPN decreases, and DIPN and PIPN increase dr
cally with temperatures up to 230◦C, and at higher tem
peratures, this trend becomes slow. When the temper
is as high as 300◦C, a small amount of cracking of solve
is observed. Moreover, it is found in Fig. 2B that 2-/1-IPN
increases very quickly with reaction temperature, while 2
/2,7-DIPN possesses a maximum point at 250◦C.



J. Wang et al. / Journal of Catalysis 220 (2003) 265–272 269

nditio
Fig. 2. Catalytic performances of the USY catalyst in the isopropylation of naphthalene by isopropyl alcohol as a function of the reaction temperature (reaction
conditions: reaction pressure= 3.0 MPa, WHSV= 5.3 h−1 (total liquid feed), TOS= 6 h, naphthalene:isopropyl alcohol:decalin= 1:2:6 (molar)).

Fig. 3. Catalytic performances of the USY catalyst in the isopropylation of naphthalene by isopropyl alcohol as a function of WHSV (reaction cons:
reaction temperature= 250◦C, reaction pressure= 3.0 MPa, TOS= 6 h, naphthalene:isopropyl alcohol:decalin = 1:2:6 (molar)).
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It is known that this reaction is a consecutive re
tion [15]. The high reaction temperature would facilitate
further alkylation of IPN by isopropyl alcohol to DIPN, fo
lowed by PIPN, which is observed in Fig. 2A. On the oth
hand, theα-position of naphthalene is more reactive a
theα-substituted products are thermodynamically less st
than theβ-position. At a low reaction temperature, the kin
ically controlledα-isomer is formed initially. It is rearrange
into the thermodynamically favoredβ-isomer at high re-
action temperatures. This is the reason why the 2-/1-IPN
ratio is much higher at high reaction temperatures. Howe
this high 2-/1-IPN ratio does not necessarily indicate t
shape selectivity of the USY zeolite here, although 2-I
is slimmer than 1-IPN. Furthermore, the comparatively h
ratio of 2,6-/2,7-DIPN (> 1) is also found at high reactio
temperatures. Taking into account conversion, selectivit
DIPN, 2-/1-IPN, and 2,6-/2,7-DIPN ratios, 250◦C can be
suggested as the optimal reaction temperature.
3.3. Effect of the reactant space velocity

Fig. 3 illustrates the effect of weight hourly space velo
ity on the catalytic activity of USY. Fig. 3A indicates th
the catalytic activity decreases very slowly when WHSV
less than 12.5 h−1, and the decreasing rate quickens at a h
WHSV. Since the alkylation reaction is a consecutive re
tion, when WHSV becomes high, only a small part of IP
has enough reaction time to be further alkylated into DI
and TIPN subsequently, indicating the high selectivity
IPN at high WHSV. Regarding the conversion and selec
ity for DIPN, it is reasonable to choose the low WHSV f
this reaction. Fig. 3B reveals that both 2-/1-IPN and 2,6-/
2,7-DIPN decreases with the enhancement of WHSV.
suggested that the high WHSV allows first the formation
thermodynamically favorable 1-IPN, and the low WHSV
cilitates the rearrangement of 1-IPN into 2-IPN. Based
the above understandings, a WHSV of 5–6 h−1 is preferred



270 J. Wang et al. / Journal of Catalysis 220 (2003) 265–272

lu-
aph-
ction

,6-

nd
in

MPa
of
tion
on-
oth
e of
of
re-

tion
tion
re-

ity o
ase,
sup-
the
ke)
alu-
ure
tion

:2:6
hol,
, an

whe
sed,

an

iso-

ph-
ent

ne

(or

hen
cen-
ause
f the
he
thus,
in

re-
4.

be-
the
y

l is
re-

nd
lly

iso-
Fig. 4. Catalytic activity and stability of USY (hollow symbol) and dea
minated mordenite (black symbol) catalysts in the isopropylation of n
thalene by isopropyl alcohol as a function of the reaction pressure (rea
conditions: reaction temperature= 250◦C, WHSV= 5.3 h−1 (total liquid
feed), TOS= 6 h, naphthalene:isopropyl alcohol:decalin= 1:2:6 (molar)).

for achieving a high conversion and high 2-IPN and 2
DIPN selectivities, respectively.

3.4. Effect of the reaction pressure

The effect of reaction pressure on catalytic activity a
stability under typical reaction conditions is displayed
Fig. 4. It can be seen that at pressures higher than 1.0
USY exhibits high and stable activity with a conversion
around 90%. At atmospheric pressure, a little deactiva
appears, with a conversion of 85% at 6 h TOS. By c
trast, for H-MD catalyst it is demonstrated in Fig. 4 that b
catalytic activity and stability decrease with the decreas
reaction pressure. Although H-MD is not stable at any
the employed reaction pressures, its stability is improved
markably at high pressure such as 3.0 MPa. For this reac
some previous literature [14,31] has found the deactiva
of Y and other catalysts in the gas-phase flow fixed-bed
actor. Here, the high pressure could assure homogene
the reactants, in either the liquid or the supercritical ph
and it is suggested that the liquid-phase reaction allows
pression of catalyst deactivation by dissolving some of
initially formed heavy products (the precursor of the co
with the solvent. The role of solvent has not been ev
ated, in this reaction, with this effect of reaction press
before; however, it has been reported in benzene alkyla
reactions [42,43].

3.5. Effect of the solvent concentration and type

Table 3 compares the reaction results on USY with 1
and 1:2:10 molar ratios of naphthalene, isopropyl alco
and decalin. At both high and low reaction temperatures
enhancement of conversion of naphthalene is observed
the concentration of solvent in the reactant mixture is rai
while slight improvements of 2,6-/2,7-DIPN and 2-/1-IPN
ratios andβ,β-selectivity are also observed. However,
,

,

f

n

Table 3
Catalytic performance of USY in the isopropylation of naphthalene by
propyl alcohol as a function of solvent concentrationa

Molar ratio of naphthalene,
isopropyl alcohol, and decalin

1:2:6 1:2:10 1:2:6 1:2:10

Reaction temperature (◦C) 200 200 250 250
Conv. (mol%) 12.6 34.9 89.9 93.5
Sel. (mol%)
IPN 93.4 76.2 31.9 22.6
DIPN 5.8 18.1 40.1 43.4
PIPN 0.8 5.7 28.0 34.0
2-/1-IPN 0.2 0.28 1.25 1.48
2,6-/2,7-DIPN 0.25 0.3 1.28 1.46
β,β-Selectivity (mol%) 83.3 83.8 52.8 58.0

a Reaction conditions: reaction pressure= 3.0 MPa, WHSV= 5.3 h−1

(total liquid feed), TOS= 6 h.

Table 4
Comparison of catalytic performance of USY in the isopropylation of na
thalene by isopropyl alcohol with decalin and cyclohexane as the solva

Solvent

Decalin Cyclohexane Decalin Cyclohexa

Reaction temperature (◦C) 200 200 250 250
Conv. (mol%) 34.9 30.2 93.5 92.9
Sel. (mol%)
IPN 76.2 84.6 22.6 25.9
DIPN 18.1 13.7 43.4 42.2
PIPN 5.7 1.7 34.0 31.8
2-/1-IPN 0.28 0.28 1.48 3.38
2,6-/2,7-DIPN 0.3 0.26 1.46 1.50
β,β-Selectivity (mol%) 83.8 81.3 58.0 61.2

a Reaction conditions: reaction pressure= 3.0 MPa, WHSV= 5.3 h−1

(total liquid feed), TOS= 6 h, naphthalene:isopropyl alcohol:decalin
cyclohexane)= 1:2:10 (molar).

apparently increase of PIPN is found simultaneously. W
the concentration of solvent is raised, the relative con
trations of the two reactants decrease, which should c
the decrease of conversion. On the other hand, in case o
same WHSV value (total liquid feed) for all reactions, t
space velocities of the two reactants are enhanced, and
as an overall result, an improvement of activity is given
Table 3, especially at a reaction temperature of 200◦C.

The comparison of decalin and cyclohexane as the
action solvent over USY catalyst is presented in Table
No significant difference in reactivity can be observed
tween the two different kinds of solvents, except that
β,β-selectivity and 2,6-/2,7-DIPN ratio increase in a ver
small amount.

3.6. Effect of the reactant ratio

The molar ratio of naphthalene and isopropyl alcoho
changed to test the impact of reactant ratio upon the
activity of USY catalyst, as shown in Table 5. It is fou
that both activity and selectivity are influenced drastica
by the change of reactant ratio. With the increase of
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Table 5
Catalytic performance of USY in the isopropylation of naphthalene by
propyl alcohol as a function of reactant ratioa

Molar ratio of naphthalene,
isopropyl alcohol, and decalin

1:1:10 1:2:10 1:4:10

Conv. (mol%) 66.7 93.5 100
Sel. (mol%)
IPN 44.6 22.6 5.7
DIPN 40.4 43.4 29.9
PIPN 15.1 34.0 64.4
2-/1-IPN 2.95 1.48 1.26
2,6-/2,7-DIPN 1.31 1.46 0.93
β,β-Selectivity (mol%) 70.3 58.0 33.5

a Reaction conditions: reaction temperature= 250◦C, reaction pressure
= 3.0 MPa, WHSV= 5.3 h−1 (total liquid feed), TOS= 6 h.

propyl alcohol in the reactant mixture, the conversion a
PIPN selectivity rapidly increase, and a decrease in
andβ,β-selectivity and 2-/1-IPN ratio can been observe
Moreover, the highest value of DIPN selectivity (43.4%) a
2,6-/2,7-DIPN ratio (1.46) can be achieved with the mo
ratio of naphthalene and isopropyl alcohol being 1:2. Ho
ever, at a 1:1 naphthalene and isopropyl alcohol molar r
a comparatively highβ,β-selectivity (70.3%) and consid
erable 2,6-/2,7-DIPN ratio (1.31) can be obtained, even
its conversion is not so high (66.7%). The increase of c
version of naphthalene and selectivity for PIPN at the
naphthalene/isopropyl alcohol ratio are easily explained
the consecutive alkylation of IPN by isopropyl alcohol in
DIPN and then into PIPN, which is facilitated by the hi
concentration of isopropyl alcohol in the reaction mixtu
At the same time, the initially producedα-IPN, which is
more thermodynamically preferred thanβ-IPN, tends to be
further alkylated intoα,β- and/orα,α-DIPN isomers with
excess alkylating reagent in the reaction mixture before t
is enough time to be transferred intoβ-IPN through isomer-
ization. This might account for the lowβ,β-selectivity at the
low reactant ratio in Table 5.

4. Conclusions

In a high-pressure fixed-bed flow reactor, selective s
thesis of 2,6-DIPN is achieved over both unmodified a
dealuminated H-mordenite, with the selectivity of 2,6-DIP
almost independent of the catalyst activity. By dealumi
tion, the conversion and selectivity of 2,6-DIPN are i
proved remarkably, with 2,6-/2,7-DIPN being around 3
However, the mordenite catalyst shows significant deac
tion even at high reaction pressures, accompanied with
disadvantage of very low selectivity of DIPN. For H-MCM
22 catalysts, isopropylation can only take place at its a
sites on the external surface, leading to a stable but low
tivity, and very low 2,6-/2,7-DIPN ratio.

Although no shape selectivity for 2,6-DIPN is found ov
USY catalysts, very high and stable conversion (> 90%)
and high selectivity for DIPN (> 40%) can be produced
Moreover, both conversion and selectivity can be altered
adjusting the reaction parameters, such as reaction tem
ture, pressure, reactant ratio, space velocity, and solvent
centration and type. By optimizing the reaction conditio
it is also possible to achieve a considerable 2,6-/2,7-DIPN
ratio of 1.5 (Table 4), which is clearly higher than that
the equilibrium DIPN isomer mixtures containing an eq
amount of 2,6- and 2,7-DIPN.
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