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Abstract

Alkylation of 2-naphthol using dimethyl carbonate (DMC) and methanol (MeOH) as alkylating agents over zgoli#Fand HZSM5
with different pore architecture is studied. The efficacies of the two alkylating agents are compared. The products of 2-naphthol (A) alkylation
are 2-methoxynaphthalene (B), 1-methyl-2-naphthol (C), and 1-methyl-2-methoxynaphthalene (D). Bealite¥ are more active than
ZSM5, and the selectivity toward 2-methoxynaphthalene (B) is always higher than C and D, irrespective of the zeolite type and conversion
levels. DMC and MeOH are both equally effective methylating agents for the reaction, even though MeOH seems to have a slight edge over
DMC with respect to C-alkylation. A mechanistic pathway for the formation of the products is suggested. The study also suggests that the
active sites responsible for O-alkylation and C-alkylation are not necessarily the same and O-alkylation is more facile. The product formation
is discussed from the point of view of zeolite pore structure and the presence of weak to moderate acid sites, which are mostly available within
the pores. The mechanism of 2-naphthol alkylation on a zeolite surface involving Bronsted acid sites is the same for both alkylating agents,
viz. DMC and MeOH. From the kinetic studies it is suggested that the reaction follows a Langmuir—Hinshelwood mechanistic pathway.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction ence the product selectivity due to its uniform microporous
structure. For example, selective alkylation of naphthalene
Alkylation of aromatics is an important reaction in or- to 2,6-dialkylnaphthalenes has been reported over zeolite
ganic chemistry widely used in the synthesis of petrochem- Y and mordenite catalysts [7,14]. Zeolitgsand Y were
icals, fine chemicals, pharmaceuticals, fragrances, dyes, andound to be highly selective for 2,6-isopropylation of naph-
agrochemicals [1]. Conventionally Friedel-Crafts reactions thalene as well as for tertiary butylation of naphthalene [8,
are performed in the liquid phase using homogeneous acid13,19]. Zeolite 3 gave selectively 2-tert-butylnaphthalene
catalysts like AIC}, BF3, and SOy, often lacking selec-  (2-TBN), whereas zeolite Y gave 2,6-di-TBN. In the methy-
tivity toward the targeted product [2] and the correspond- lation of naphthalene, ZSM5 was more selective toward 2-
ing industrial processes present severe environmental probmethylnaphthalene compared to H-mordenite and HY [20].
lems [3]. Alkylation reactions over solid acid catalysts have The product distribution thus depends to a large extent on
generated a lot of interest as alternatives for the conven-the zeolite type and its pore architecture. Narayanan and co-
tional catalysts and are also being employed in several in-workers [21-26] have carried out the alkylation of phenols
dustrial processes [4-6]. Acidic zeolites such as HZSM5, an(d cresols with methanol over oxides and zeolites and stud-
HY, and H8 have been shown to be effective catalysts for jeq the influence of acidity on conversion and selectivity of
alkylation of aromatic compounds [7-20]. The main ad- the glkylated products. They have discussed the differences
vantage of zeolite as an alkylating catalyst, in comparison peiween C- and O-alkylation as well as the competitive na-
with a non zeolitic catalyst, is that it can significantly influ- ;e of hoth these alkylations and the conditions under which
the formation of one or the other dominates. The selective
~* Coresponding author. formation of the alkylated products of phenol over vari-
E-mail address: snarayanan@iict.ap.nic.in (S. Narayanan). ous oxides, mixed oxides, and zeolites using methanol as
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the alkylating agent is also discussed. The formation of C-  In the present investigation a comparative performance of
alkylated products, vizortho-cresol, 2,6-xylenol, has been DMC and MeOH as alkylating agents for 2-naphthol alkyla-
reported in preference to anisole. Methanol has been foundtion over zeolites under varying experimental conditions is
to be a reasonably good alkylating agent, which is always examined. The alkylation activities of the zeoliteg HY,
taken in excess. It has been suggested that the water formednd HZSM5 are also compared. A kinetic study has been
during the reaction would also help creation of Bronsted hy- carried out to determine whether the LH pathway or the ER
droxyl groups over the catalysts [15]. The only problem, pathway is followed during this methylation over zeoliges
however, is that the excess water formed might poison the and Y. This study is relevant since not much work has been
catalyst and also add to the problem of product separation.published on the kinetics of 2-naphthol alkylation. Most of
The present study focuses on the alkylation of 2-naphthol the kinetic studies reported are on alkylation of benzene and
over zeolites with different structural features and on the toluene. There are only a few reports on the kinetics of phe-
selectivity preference for O-alkylation of 2-naphthol. The nol alkylation. Here again there is a lot of argument support-
methylation of 2-naphthol assumes importance because onéng both LH and ER mechanisms under certain conditions of
of the products namely 2-methoxy naphthalene is a startingreaction, type of the reactant molecule, and the zeolite type.
material in the production of naproxen, a widely used non- Therefore, based on the product formation as well as the ki-
steroidal anti-inflammatory drug [27]. Methylation is nor- netics of reaction, a mechanism for the methylation reaction
mally carried out using dimethyl sulphate or methyl halides, over zeolites using DMC and MeOH is proposed.
which are corrosive and toxic. Methanol (MeOH), an alter-
nate methylating agent, is equally efficient and environmen-
tally safe and also prolongs the catalyst life. There are only 2. Experimental
a few reports on the use of zeolites and mesoporous MCM
materials for the methylation of 2-naphthol using methanol Zeolites B, Y, and ZSM5 were used in the alkylation
[28,29]; however, no information is available on the use of of 2-naphthol by DMC and MeOH. Protonated forms of
dimethyl carbonate (DMC) as an alkylating agent for this the zeolites Y and ZSM5 were obtained from Conteka, the
reaction. In recent times, dimethyl carbonate has emergedNetherlands. The sodium form of zeolie was obtained
as another highly selective and efficient alkylating agent from United Catalysts India Limited and was converted to
[30-34]. Dimethyl carbonate has been used for the esterifi- its protonated form following the ion-exchange procedure
cation of benzoic acid and substituted benzoic acids [35,36]. using aqueous 1 M NiNOs solution at 353 K for 12 h fol-
Sreekumar et al. [37] have carried out studies on the compar-lowed by calcination in air at 823 K. BET surface areas of
ative alkylation efficiencies of MeOH and DMC for aniline  the zeolite samples were measured on a Micromeritics Pulse
alkylation over Zn—Co-Fe terniaray spinel systems. It was Chemisorb 2700 instrument using bis the adsorbate. Acid-
observed that the alkylating agent influenced the selectivity ity of the zeolites was measured by stepwise temperature-
patterns of the products. programmed desorption (STPD) of ammonia on the same
Alkylation of aromatics over solid catalysts is known instrument, and by bracketing the temperature of desorption
to occur either by the adsorption of both the aromatic and the relative strengths of acidity were arrived at. The de-
the alkylating agent molecules on the surface i.e., by a tails of acidity measurement have been described already by
Langmuir-Hinshelwood (LH) mechanism or by the reaction Narayanan and Deshpande [43]. The physicochemical prop-
of the adsorbed alkylating agent with aromatic molecules in erties of the zeolites used are given in Table 1. The alkyla-
gas phase, i.e., by a Eley-Rideal (ER) mechanism. There arejon reaction was carried out in a down-flow fixed-bed Pyrex
contradicting reports on the alkylation mechanism over ze- glass reactor (length 30 cm, diameter 1.5 cm) at atmospheric
olites. Venuto [38] has strongly supported the operation of pressure. A known weight of the zeolite powder (0.5-4.0 g)
an ER-type mechanism for zeolite-catalyzed alkylation reac- was introduced into the reactor and the zoré(cm) above

tions. Corma et al. [39] have concluded from their investiga- the catalyst bed packed with quartz grains served as a pre-
tion on the alkylation of benzene with propene over MCM-

22 that an Eley—Rideal mechanism is followed. In contrast, Table 1
Becker et al. [40] have earligr re.ported that this react_ion PrO- ppysicochemical properties of zeolites used
ceeds through the Langmuir-Hinshelwood mechanism over

H-mordenite catalysts. More recently Sridevi et al. [41] have Zepllte BET Acidity” (mr.ml/ g) NHs P.ore .

shown that the alkylation of benzene with ethanol over mod- (SVAD S“”age area Weak (A) Medium (B) - Strong (C) dgnens'on
m

ified 13X zeolite follows the LH pathway. Smiriniotis and P (43/5’) 103 >3 750 5(><)55

Ruckenstein [42] have shown that the pore size of the ze- ®) ' ‘ ‘ 76 % 6.4

olite plays an important role in the alkylation mechanism. py 730 1.51 1.70 099 Bx74

The alkylation of bulky aromatic over small or medium pore  (25)

zeolites obeys the LH mechanism whereas the alkylation of H%;)’;“ 400 1.89 1.16 305  3x 5-2

51x5.

relatively small aromatics over large pore zeolites follows
the ER mechanism. a Estimated by STPD of Ngi[43].
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heater. The reactor was placed in a tubular furnace with aTable 3
temperature control. A thermocouple placed close to the cat-Alkylation of 2-naphthol over zeolites: Effect of zeolite type

alyst bed was used to measure the reaction temperature. Theatalyst Alkylating Conversion (%) Selectivity (%)

catalyst was activated in air flow (25 épmin) at 723 K agent A B C D
for 2 h before the start of the experiment. The reaction was g DMC 75 80 ) 15
carried out in the temperature range 473—-673 K. The feed MeOH 73 70 25 5
consisting of either 2-naphthol and DMC or 2-naphthol and Hy DMC 67 79 7 14
MeOH with varying molar ratios between 0.1 and 0.25 was MeOH 64 68 26 6
charged into the reactor using a motorized syringe pump HZSM5 DMC 26 95 - 5
(Braun Melsugun, Germany) at a predetermined rate along MeOH 22 96 - 4

with N2 (40 cn?/min) as a carrier gas. The liquid products 2-Naphthol:alkylating agent 1:8 (mol/mol), temperature= 473 K, zeo-
were collected at the bottom of the reactor for 1 h using a lite wt =1 g, feed rate= 2 mi/h. A, 2-naphthol; B, 2-methoxynaphthalene;
trap cooled in ice. Analyses of the products were done on a € 1-methyl-2-naphthol; D, 1-methyl-2-methoxynaphthalene.
gas chromatograph (HP 6890, FID detector; column: HP-5,
15 mx 0.25 mmx 0.23 um) and further product identifica- most of the experiments. The excess alkylating agent also
tion was done on a GC-MS (HP 5973 mass selective detec-acts as a solvent for dissolving the solid 2-naphthgs. H
tor, column: HP-1MS 15 nx 0.25 mmx 0.25 um). Apart ~ was found to be generally more active than HY. The use
from the unconverted reactant 2-naphthol (A), the prod- of either DMC or MeOH as an alkylating agent did not af-
ucts identified were 2-methoxynaphthalene (B), 1-methyl-2- fect the conversion to any great extent, especially at a high
naphthol (C), and 1-methyl-2-methoxynaphthalene (D). The mole ratio of the feed. Table 3 gives a comparative perfor-
conversion, yield, and selectivity were calculated based onmance of zeolites HZSM5, HY, and Hfor the reaction.
the GC analyses. Selectivity of the produd®b selectivity As can be seen HZSM5 is the least active with about 22—
of i) is expressed by 26% conversion of 2-naphthol for both MeOH and DMC
as methylating agents. The conversion of 2-naphthol (A)
over HY and B3 is much higher than HZSM5 at around
64 and 75%, respectively. The selectivities of the products
In the absence of a catalyst, the reaction did not proceed with2-methoxynaphthalene (B), 1-methyl-2-naphthol (C), and
either dimethyl carbonate or methanol, suggesting the in- 1-methyl-2-methoxynaphthalene (D) are also compared in
volvement of an acidic site for the reaction as well as for Table 3. It is clear that 2-methoxynaphthalene is prefer-
the generation of alkyl groups, which would attack the hy- entially formed on all the three zeolites and the selectiv-
droxyl group of 2-naphthol. ity varies between 68 and 96%. The selectivities for the
other two products C and D are below 27%. It is interest-
ing to note that the least active HZSM5 gives the highest

product formedi)

S; =100 .
' " total products formed

3. Resultsand discussion selectivity for 2-mehoxynaphthalene (B) of 96% with 4%
o _ of 1-methyl-2-methoxynaphthalene (D). As the conversion
3.1. Preliminary experiments increases on HY and @i there is a drop in the selectiv-

ity for 2-methoxynaphthalene. A cursory inspection of the
Alkylation of 2-naphthol was carried out over 1 g of zeo-  conversion and selectivity patterns over HZSM5 with the
lites HB and HY at 473 K ata given feed rate of 2fhl The  other two zeolites gives an impression that the increase
mole ratio of the feed mixture, i.e., 2-naphthol:alkylating iy conversion is accompanied by a decrease in the selec-
agent was varied from 1:4 to 1:10. With increasing DMC/ ity of 2-methoxynaphthalene and increase in 1-methyl-
MeOH content the conversion increases from 43-47 to 2-naphthol (C) and 1-methyl-2-methoxynaphthalene (D).
64—75% over the zeolites (Table 2). There is not much of yowever, a closer examination especially of the activities
a difference in the conversion at high molar ratios of 1:8 5 4y and HB reveals that it is not so. For example, both
and 1:10. Therefore we chose the feed mole ratio of 1:8 for .y with around 65% conversion and@Hwith around 75%
conversion have more or less the same selectivity for B of

Table 2 _ _ 70 and 80% for MeOH and DMC as methylating agents,
Alkylation of 2-naphthol over zeolites: Effect of mole ratio respectively. It might suggest that the zeolite type may be
Catalyst ~ Alkylating 2-Naphthol:alkylating agent (molarratio)  responsible for the differences in the conversion and the
agent 14 16 18 110 selectivity patterns. In order to understand the dependence
Conversion of 2-naphthol (%) of zeolite type on selectivity patterns, methylation reactions
HB DMC 47 74 75 75 were carried out under certain experimental conditions so as
MeOH 43 65 73 73 to give a comparable conversion of 2-naphthol. In Table 4
HY DMC 43 66 67 67 the selectivity of 2-methoxynaphthalene (B), 1-methyl-2-
MeOH 38 59 64 64 naphthol (C), and 1-methyl-2-methoxynaphthalene (D) on

Temperature= 473 K, zeolite wt= 1.0 g, feed rate= 2 mi/h. the three zeolites B, HY, and HZSM5 is compared un-
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Table 4 ] HB 1001 HY
Alkylation of 2-naphthol over zeolites at comparable conversion of 2-
naphthol 901 N 90
Catalyst Alkylating Conversion (%) Selectivity (%) R
agent A B C D 804 804 A
HB DMC 35 88 5 7 A
MeOH 32 82 12 6 "
J 70
HY DMC 29 88 6 6
MeOH 27 80 15 5
60 4 B 60 B
HZSM5 DMC 26 95 - 5
MeOH 22 96 - 4
2-Naphthol:alkylating agent 1:8 (mol/mol); temperature = 473 K, zeolite 01 B 301 s

wt = 1.0 g, feed rate 14 and HY = 12 ml/h, HZSM5= 2 ml/h. Please

refer Table 3 for explanation of A, B, C, and D. w0 w0l

der a conversion level range of 22—35%. Under more or ;| PR 0l o - S —oc

less the same conversion levels, the preferential formation of Ll _ab o

2-methoxynaphthalene (B) on all these zeolites is between o /A//é?.’
. . 20 4 /A oD 20 =<

80 and 96%. Even under these relatively low conversion e —_ -

levels H8 and HY gave more of 1-methyl-2-naphthol (C) “ o = g A//;/A"

and 1-methyl-2-methoxynaphthalene (D) than HZSM5. For '] /‘; ~ 1 /

a comparison, Table 3 refers to the reaction carried out at £

low feed rate of 2 mlh on all the catalysts and Table 4 o ——————————— 0

423 473 523 573 623 673 723 423 473 523 573 623 673 723 773

refers to the reaction carried out orsknd HY at a much
higher feed rate of 12 rph. At such a high feed rate the
conversion is expected to be lowered. However, the selec-
tivity for 2-methoxynaphthalene (B) overMHand HY is Fig. 1. Alkylation of 2-naphthol with DMC 4) and MeOH () over
increased by around 5-10%. One also observes a correzeolites. Eﬂect of temperature: 2-naphthol:alkylating agerit:8 (mol/
sponding decrease in the C-alkylated products, namely 1_m0|), _zeollte wt=1 g, feed rate= 2 ml/h. Please refer Table 3 for ex-
methyl-2-naphthol (C) and 1-methyl-2-methoxynaphthalene planation of A, B, C, and D.

(D). This might suggest that the conversion and selectivity
depend on the zeolite type. HZSM5 with a relatively narrow
pore aperture compared tofHand HY.COUI.d not help the Hp and HY with MeOH as the alkylating agent. However,
formation of C-alkylated products as is evidenced from the

absence of 1-methyl-2-naphthol (C) and the presence of veryg]'\élf ihtzvgesdeﬁeg\;\\;ﬁr ?ﬁilﬁﬂzggr}gr;nbgtﬁggEYlgc\anThe
little 1-methyl-2-methoxynaphthalene (D). InfHand HY g y '

one noted the formation of 1-methyl-2-naphthol (C), and 1- selectivity for 1-methyl-2-methoxynaphthalene (D) also in-

methyl-2-methoxynaphthalene (D), which can be attributed creases with temperature on both the zeolites.

to the larger pore dimensions of these zeolites than those of

HZSM5. For a given zeolite the selectivity of the products 3.3. Time on stream

may be dependent on the contact time. This study also sug-

gests that O-alkylation leading to 2-methoxynaphthalene is a

facile reaction. There is not much of a difference in the alky- ~ The time on stream experiments for 2-naphthol methyla-

lation efficacy of DMC and MeOH, though MeOH seems to tion at 473 K were carried out overfHand HY using DMC

have a slight edge over DMC with respect to C-alkylation. and MeOH as the methylating agents (Figs. 2 and 3). The
conversion stays fairly steady up to 4 h but then decreases

3.2. Effect of temperature gradually up to 8 h. The selectivity for the O-alkylated prod-
uct (B) remained rather steady throughoutthe time on stream

The effect of temperature on 2-naphthol alkylation was experiment. With time on stream only C-alkylation seems to
studied over zeolites HY andfHin the temperature region —have been affected beyond 4 h of operation and there is a ten-
of 473-673 K (Fig. 1). As temperature increases the conver-dency to increase with increase in conversion. In most of the
sion of 2-naphthol increases from75 to~85% in the case  cases 1-methyl-2-naphthol (C) is not much affected. There is
of HB and from~ 65 to~ 80% in the case of HY. Theyield  not much of a difference between the alkylating agents with
of 2-methoxynaphthalene (B) decreased froi0—80% to respect to conversion and selectivity. Both the zeolitgs H
~50-60%. The C-alkylated product 1-methyl-2-naphthol and HY behave rather in the same manner with respect to
(C) on the other hand increased from 25 to 30% on both 2-naphthol conversion and product selectivity patterns.

Reaction temperature (K)
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T
ime on stream (min) lite wt = 1.0 g. Please refer Table 3 for explanation of A, B, C, and D.

Fig. 3. Alkylation of 2-naphthol over HY. Effect of time on stream:

g-naphtholzalkylating agent 1:8 (mol/mol), temperature= 473 K, zeo- sharply with increasing feed rate on botig dnd HY, irre-
lite wt = 1.0 g, feed rate= 2 ml/h. Please refer Table 3 for explanation of spective of the alkylating agent. For example, in the case of
A, B, CandD. ’

Hp the conversion fell from 75% to as low as 25%. How-
ever, the change in selectivity is not commensurate with the
fall in conversion even though 2-methoxynaphthalene (B)
selectivity tends to increase with increasing feed rate and a
Alkylation of 2-naphthol over zeolites HHand HY was corresponding decrease in 2-naphthol conversion. Similarly
carried out at 473 K by changing the feed rate from 2 to the selectivity for C-alkylated products 1-methyl-2-naphthol
12 ml/h and keeping the catalyst weight at 1 g. As can be (C) and 1-methyl-2-methoxynaphthalene (D) does not show
seen from Figs. 4 and 5, 2-naphthol conversion falls rather any drastic variation; nevertheless, there is a decrease in se-

3.4. Effect of feed rate
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Table 5
Alkylation of 2-naphthol with DMC over I8 and silylated-H

Table 6
Molecular dimensions of 2-naphthol and the methylation products

Catalyst Conversion (%) Selectivity (%) Compound Molecular structure Molecular dimension
A B c D dimension (A)
OH
HB 75 80 8 15
Silylated H3 73 78 4 18 A 6.9x4.8
2-Naphthol:alkylating agent 1:8 (mol/mol), temperature= 473 K, zeo- OCH3
lite wt = 1.0 g, feed rate= 2 ml/h. Please refer Table 3 for explanation of B OO 8.8x 4.8
A, B, C,andD.
H3
lectivity with high feed rate. The study of feed rate effect C OH 6.9x5.5
on the zeolites reveals that O-alkylation is a facile and a OO
preferred reaction over C-alkylation and it is not influenced
much by the contact time of the feed. 8.8x 5.5

: . D

From the foregoing studies on the effect of temperature,
mole ratios of the reagents, and feed rate, the following ob-
servations are made. There is not much of a difference in the

efficacies of DMC and MeOH as alkylating agents for this e conversion levels, O-alkylation of 2-naphthol takes place

reaction. This is evident from the more or less same con- t,ming 2-methoxynaphthalene. Only high temperatures and
version levels of 2-naphthol for both alkylating agents at a high contact time seem to favor C-alkylation though to a

given reaction condition over a zeolite. Therefore only the gy extent. Under severe conditions it is possible that
type of zeolite seems to be responsible for any difference C-alkylation can take place though to a limited extent ei-

in the conversion and especially the pore architecture may e girectly from 2-naphthol or via 2-methoxynaphthalene.

play a role. HZSMS, HY, and H differ in the total acid-  geheme 1 gives the plausible pathways for the product for-
ity as well as the strength of acidity. The reaction requires mation during 2-naphthol methylation.

only weak to moderate acidity, which is bound to be present
in all the thre_ze; zephtes studled: It has bee_n su_ggested that3.5' Kinetics of 2-
for the esterification of aromatic carboxylic acids the ac-
tive sites are available inside as well as outside the zeolite
pores [36]. However more of these sites have been found to
be available inside the pore than on the outside or near the
pore mouth. 2-Naphthol alkylation reaction was carried out
over silylated K8 and it was compared with the nonsilylated
HB. There was no appreciable difference in the conversion
and selectivity patterns of the two as evident from Table 5,
obviously supporting the argument that the active sites are
mostly inside the pores of the zeolite for 2-naphthol alkyla- kLKNKACA
tion. Therefore the differences in the conversion can possibly "A = 7% "= — ¢ =3 1)
be explained on the basis of pore architecture. In Table 1, the
pore dimensions of the three zeolites are given. In Table 6 Wherekg = ks if adsorption of the alkylating agent is the con-
the molecular dimensions of 2-naphthol and the methylated trolling step, andc; = ksCn if the chemical reaction is the
naphthols are given. HZSM5 has pore dimensions smaller rate-limiting step [39,42].
than that of BB and HY. If the active sites are within the If the reaction follows the ER model where the adsorbed
cavities of zeolites, as seems to be the case here, then poralkylating agent reacts with 2-naphthol in the gas phase, then
architecture alone will decide the activity. HZSM5 shows the following Egs. (2) and (3) are obtained depending on the
much lower conversion compared to HY ang Table 3). competitive adsorption between 2-naphthol and the alkylat-
The active sites within the pores are not easily available for ing agent.
the reactant or even if they are available the products formed
with large molecular dimensions are not able to come out of (&) Without competitive adsorption of 2-naphthol,
the pores. i and HY with wider pores than HZSM5 are ,
. . kiKaCa

more accessible to the reactants as well as to the products; rp=—"""__,
naturally there is more conversion over these two zeolites. (1+ KaCa)

Theoretically though O- and C-alkylation can take place, (b) With competitive adsorption of 2-naphthol,
a more facile and preferential O-alkylation of 2-naphthol is ,
observed under the conditions of experiments carried out. ., — ksKaCa ) 3)
It is evident from the alkylation studies that irrespective of (1+ KACaA + KNCN)

naphthol methylation

The methylation of 2-naphthol can take place by fol-
lowing either a Langmuir—Hinshelwood model or an Eley—
Rideal model. The kinetics of these two mechanisms do
vastly differ. For example, LH kinetics involves a reaction
between the alkylating agent and the 2-naphthol, both of
which are adsorbed on the catalyst surface. The rate of alky-
lation is given by

()
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. OCH3
Facile @O
—>
B
2-methoxy naphthalene

H3
7 A AR OCH
DMC/MeOH 3
e !
6 3

5 4
A D

H3 1-methyl-2-methoxy
2-naphthol naphthalene
OH
 ———
Less facile
C

1-methyl-2-naphthol

Scheme 1. Possible reaction pathway for the alkylation of 2-naphthol with DMC/MeOH.

of 2-naphthol. The alkylating agent to 2-naphthol molar ra-
081 tio was varied by varying the 2-naphthol concentration. We
061 DMC can constant and Egs. (1) and (3) will then become Egs. (4)
~ ol and (5), respectively,
é A1
g rAn=———-SCn, 4
S . (A2 + CNKN)? )
2. and
g 1.6 A} c 5)
E= rpn = — ,
PRSI Meor AT v onkn)
os{ " whereA] = ksKNCaAKpa, A =1+ CAKA,AllszCAKA.
04 4 The constants in the above equation can be obtained from
. the continuity equation for a fixed bed flow reactor
0 1 2 3 4 5 w Xa
Zeolite weight (g) /(dW/F) — /(d)C/rA). (6)
Fig. 6. Alkylation of 2-naphthol over zeolites H(O) and HY (@). Ef- 0 0

fect of catalyst weight on reaction rate: 2-naphthol:alkylating ageht8,

temperature- 473 K, feed rate- 2 ml/h. If 2-naphthol alkylation follows the LH mechanism, then

a plot of rate of methylation versus 2-naphthol concentration
must pass through a maximum according to Eq. (4) and is

Itis well known that the adsorption of the alkylating agent represented as

on the Bronsted acid sites is a relatively fast step [44,45]. The
state of 2-naphthol when it reacts with the alkylating agent ¢y max= (1+ CaKa)/Kn. (7
determines which one of these two mechanisms will be fol-

lowed. It is not possible to determine whether a competitive 1€ maximum rate of alkylation is given by

adsorption of 2-naphthol takes place or not; however, it is — k<CaKa /4(1

. = + CaKp). 8
safe to assume that 2-naphthol adsorption does take place o max T sTA A/ AKn) ®
the acid sites of the zeolites. If 2-naphthol alkylation proceeds through an ER mecha-

In order to determine the mechanism of 2-naphthol nism, then the plot of rate of methylation vs concentration
methylation with DMC/MeOH, experiments were carried Will not pass through a maximum as evident from Eq. (5).
out varying the weight of the catalyst (0.5-4.0 g) and de-  The rates of methylation of 2-naphthol with MeOH and
termining the rates of the corresponding reactions. A plot of DMC over zeolites i and HY at 473 K as a function of
the reaction rate vs the weight of zeolite catalyst is presented2-naphthol concentration are presented in Figs. 7 and 8. The
in Fig. 6. A linear relationship can be seen between the raterate of alkylation of 2-naphthol with DMC passes through
of reaction and the catalyst weight. This suggests that diffu- a broad maximum at CNv 0.4 x 10~ mol/L and at CN
sion limitations are not dominant and the rate-determining ~ 0.35 x 10~3 mol/L with MeOH over both zeolites B
step is the chemical reaction step. In all the experiments theand HY. The values of the parameters in Eq. (1), determined
concentration of DMC and MeOH was kept constant at a by nonlinear square fitting, are given in Table 7. The good-
relatively high level when compared to the concentration ness of the fit is relatively high in all cases and attempts to fit
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0.9 . .
MeOH is used as an alkylating agent. Based on the stud-

075 1 ies, a possible pathway for the product formation is given in
0.6 1 Scheme 1. The trends in the variation of selectivity and yield
0.45 - of the 2-methoxynaphthalene (B), 1-methyl-2-naphthol (C),

and 1-methyl-2-methoxynaphthalene (D) suggest that D is

0.3
formed by the methylation of B as well as C (Scheme 1).

1 X 10 (moles/g/s)

1 Alkylation of 2-methoxynaphthalene (B) with DMC and
0 . 0'1 0'2 0'3 0'4 0'5 0'6 MeOH gave only 1-methyl-2-methoxynaphthalene (D).
' o ' ' ' Therefore the transformation of B to C is ruled out. The
Cnx 10" (mol/L) yield of B is always higher than C and the contribution of
Fig. 7. Alkylation of 2-naphthol with DMC over zeolites MH (OJ) B toward the formation of D is expected to be more than C.
and HY @). Effect of 2-naphthol concentration on the reaction rate: This study also suggests that the active sites responsible for
temperature= 473 K, Concn. of DMC(Ca) = 2.03 x 10~3 mol/L, ze- O-alkylation and C-alkylation are not necessarily the same.

olite wt=1.0 g, Feed rate- 2 ml/h. The time on stream study suggests that the sites responsible

- for O-alkylation get deactivated faster than the sites respon-

sible for C-alkylation.
141 As elucidated from this study, the mechanism of alkyla-
z 15 //‘/\'\ tion of 2-naphthol using MeOH/DMC over zeolitgsand
3 121 Y follows the Langmuir—Hinshelwood model. Santacesaria
£ 09- et al. [46] have studied the O- and C-alkylation of phenol
2 (6 and have tried to establish the types of sites responsible for
= 03 - the reaction. They have deduced that the alkylating agent af-
. ter forming the carbo-cation on the acid site would be able
0 ot1 sz 0f3 0f4 to react with both O- and C-centers of phenol. The phe-
Cux 10° (mol/L) nol molecule itself is activated on another adjacent active
site in such a way that the alkylating agent could interact
Fig. 8. Alkylation of 2-naphthol with MeOH over zeolites fH(CJ) with both C- and O-centers of adsorbed phenol moiety. The

and HY (). Effect of 2-naphthol concentration on the reaction rate:
temperature= 473 K, Concn. of MeOH(Cp) = 2.0 x 1073 mol/L, ze-
olite wt=1.0 g, feed rate= 2 mi/h.

selectivity depends on the energy of activation of the mole-
cules, orientation of the reacting molecules, and proximity
of the active sites. O- and C-alkylation can be facilitated
if phenol is weakly adsorbed on the active site perpendic-
ularly to the surface by H-bonding via its OH group [47].
Renken and co-workers [48-52] have extensively investi-
Catalyst Alkylating s x 10° Ka KN Goodnessof  gated the vapor-phase alkylation of catechol with MeOH
agent  (mol(geats) (moyL) (mol/L)  fit (%) overy-alumina. They have observed that the O/C-alkylation

Table 7
Kinetic data for the alkylation of 2-naphthol over zeoliteg Bind HY

Hp DMC 637 48133  2468.78 90 product ratio decreases with increase in basicity of the alu-
HY DMC 616 44221 2213.00 89 3 catalvsts: i ofh dsad i the acidity {

Hp MeOH 1993 o612 seansi o3 mina catalysts; in other words a decrease in the acidity favors
HY MeOH 1831 24191 2488.34 91 C-alkylation. Beutel [53] has proposed a mechanism based

on in situ spectroscopic studies for the alkylation of phe-
nol with dimethyl carbonate, where the dimethyl carbonate
the data to Eq. (5) corresponding to an ER mechanism werejs activated on the Lewis acid site by its carbonyl oxygen
not satisfactory. This indicates that the 2-naphthol methyla- and phenol on an adjacent Lewis base site by H-bonding.
tion reaction follows a Langmuir-Hinshelwood model over Jyothi et al. [34] have also proposed a similar mechanism
zeolites BB and HY, irrespective of whether MeOH or DMC  for the alkylation reaction of dimethyl carbonate making use
is used as the methylating agent. The adsorption constaniof both the acid and the basic sites on the catalyst. According
(Ka) for 2-naphthol as well as DMC and MeOH is greater to Bal et al. [29] the mechanism for 2-naphthol methylation
over HB than over HY.Ka of DMC is greater than that of  probably involves the formation of a transient 2-naphtholate
MeOH, indicating a stronger adsorption over the zeolites. species on the less acidic site. C-alkylation of the ring can
The differences in the strength of adsorption may be respon-occur when the activation of the 2-naphthol ring is relatively
sible for the differences in the yield and selectivity. small. Taking all these facts into consideration mechanisms
for the alkylation of 2-naphthol with DMC and MeOH over
a zeolite are envisaged in Schemes 2 and 3, respectively.
4. Mechanism 2-Naphthol and the alkylating agent are adsorbed on adja-
cent protonic acid sites of the zeolite. €@&nd methanol are
It has been established that the methylation of 2-naphtholthe by-products when DMC is used as an alkylating agent
follows the LH pathway, irrespective of whether DMC or (Scheme 2). Methanol being an alkylating agent is not ex-
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O-alkylation C-alkylation

CH3

H3
H3 H
+ CO2 + CH3OH + CO2 + CH30H

H* = acid site on zeolite

Scheme 2. Possible reaction mechanism for the alkylation of 2-naphthol with DMC over zeolites.

pected to have any negative effect and will help alkylation. acid sites than zeolite Y, is also more active for this methy-
In the case of methanol as alkylating agent (Scheme 3) waterlation. Selectivity is also high over fHiwhen compared with
is the only by-product and it will to some extent help main- HY. DMC and MeOH are both equally effective methylat-
tain the Bronsted acidity [15]. It has been suggested earliering agents for this reaction, though the selectivity towards
that the reaction requires only acid sites whose valuéa6 2-methoxynaphthalene is found to be higher in the case of
smaller than-6.63 [54]. As the concentration and the num- DMC. From the kinetic study, it is concluded that this reac-
ber of the acid sites increase the conversion will also increasetion follows a Langmuir—Hinshelwood pathway by the ad-
due to the adsorption of more 2-naphthol and the alkylating sorption of both 2-naphthol and the alkylating molecule on
agent. the surface of the zeolite. The mechanism of alkylation is the
same for both DMC and MeOH. The difference in the selec-
tivity, however, could be attributed to the differences in the
5. Conclusion acid strengths of the zeolite and the activation of 2-naphthol
as well as the alkylating molecule on the zeolite active cen-

2-Naphthol methylation has been carried out over ze- ter.
olites with a fairly good yield of 2-methoxynaphthalene.
1-Methyl-2-naphthol and 1-methyl-2-methoxynaphthalene
are the other products formed during the reaction. Zeolites Acknowledgments
B and Y are more active for this reaction than zeolite ZSM5.
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