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Abstract

The alkylation of phenol was investigated over magnesium oxide catalysts modified with the addition of small amount
of vanadium, manganese or other components. The catalytic performance was strongly dependent on the kinds of dopants
due to changes in the acid—base properties. The modified MgO catalysts showed an activity higher than pure MgO catalyst.
V-Mn-MgO catalyst was found to be more active and selective than that of V-Mgo or Mn—MgO catalyst for 2,6-xylenol.
Among the modified catalysts, V-Mn—-MgO catalyst was excellent in both phenol conversion and the selectivity to 2,6-xylenol.
The alkylation of phenol irortho position was explained in the acid—base property of mixed oxide. Phenol conversion and
2,6-xylenol selectivity increased with acidity, whereas the selectivibydresol decreased because of the nature of the series
reaction (phenol o-cresol — 2,6-xylenol — 2,4,6-trimethyl phenol (2,4,6-TMP)). Na—Mn—MgO catalyst prepared to
achieve a balance between acidity and basicity was not deactivated and highly seleetivedol and 2,6-xylenol. Reaction
temperature, feed composition and space velocity also significantly influenced the conversion and the selectivity in the
alkylation of phenol. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction cialized and the proposed catalysts are suffered from
the rapid deactivation and the low activity. A large
Alkyl phenols prepared by the alkylation of phenol number of related patents and papers have appeared
(PhOH) with methanol (MeOH) are industrially im- on the synthesis of alkyl phenols over various cat-
portant intermediates in the agrochemical, pharmaceu- alysts [2—-15]. Only a few studies have reported the
tical and polymer industries. For examptegresol is catalytic activity and selectivity and the mechanism
used in the synthesis of herbicides and 2,6-xylenol is a on the alkylation of phenol [16-21]. These studies
monomer in the manufacture of polyphenylene oxide revealed that there was always a competition be-
(PPO) and special-grade paints [1]. tween O- and C-alkylation and the strength of acid
The alkylation of phenol is a thermodynamically sites played an important role on the product selec-
feasible reaction, however, few catalysts are commer- tivity.
Woo et al. [22,23] reported the aniline alkylation
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activity and acidity. Marczwski et al. [24] studied 2.2. Apparatus and procedure

the alkylation of phenol with methanol in the pres-

ence of ultrastable HY zeolite. The product distribu-  The phenol alkylation with methanol was carried
tion showed that anisobrtho- and para-cresol were  out at atmospheric pressure using a differential tubu-
the main products of the reaction. O-alkylation was lar reactor system. Reactor was a 0.95cm diameter
about three times as fast as C-alkylation. Tanabe andstainless steel tube. 0.1g of catalyst was placed on
co-worker [16,18] reported that the catalysts having quartz wool in the tubular reactor. The reactant feed

higher acidic strength were more active but less se-

lective to ortho-alkylation. The basic oxide such as
TiO2—MgO was highly selective towards 2,6-xylenol,
whereas the acidic catalysts such asSifl,O3 were
not highly selective. Hamilton [25] found that MgO
catalyst was highly selective to C-alkylation in the
phenol alkylation.

Magnesium oxide catalyst is known to be favor-
able in the synthesis ob-cresol and 2,6-xylenol
but has a low activity. In order to improve their
catalytic performance, several kinds of components
were doped to MgO. On increasing the acidity of
the catalyst, by addition of acidic components, the
catalytic activity increased. However, the selectiv-
ity towards ortho-alkylated products decreased. The
ortho-selectivity was attributed to a combination of

rate (phenol-to-methanol molar ratie= 1:5) was
controlled by a liquid syringe pump (Sage Instru-
ment, Model 355) and introduced to pre-heating zone
(250°C) to perform the gas phase reaction. These
gas phase reactants were carried to the catalysts by
N> carrier gas. Reaction products were collected in
ice-trap and analyzed using gas chromatography (Var-
ian Aerograph, Series 1400) with a packed column
of 25% silicon DC-550 on chromosorb W. The con-
version of phenol is defined as the percentage of the
moles of consumed phenol to the moles of phenol in
feed. The selectivity to specific product is defined as
the moles of specific product divided by the moles of
consumed phenol.

weakly acidic sites and strong basic sites present on 3. Results and discussion

the catalyst surface [19].

This research was intended to develop excellent 3.1. Performance of various modified MgO catalysts

magnesium oxide catalysts modified with the addi-
tion of small amount of vanadium, manganese, or

The alkylation of phenol with methanol was car-

other components. And the catalytic performance and ried out using magnesium oxide catalyst alone or in
the deactivation properties of these modified catalysts addition of other dopants. Tables 1 and 2 summa-

were evaluated.

2. Experimental
2.1. Catalysts

Modified magnesium oxide catalysts were prepared
by mixing the solution of dispersed basic magnesium
carbonate and the solution of doped metal com-
pounds [26,27]. This mixed solution was evaporated
in rotary evaporator and dried at 1ZD for 24h.

rize the conversion and the selectivities of the pre-
pared catalysts. The modified MgO catalysts are found
to be more active and selective than pure MgO to
2,6-xylenol. Among the modified MgO catalysts, cop-
per doped and vanadium doped MgO catalysts showed
the good selectivity to 2,6-xylenol and the high activ-
ity. It might be thought that the acid—base properties
of the catalysts could be modified by the addition of
dopants.

Fig. 1 shows the catalytic performance on various
modified MgO catalysts with reaction time. The activ-
ity of pure magnesium oxide was low and gave only

These pre-dried materials were crushed and sievedo-cresol as an alkylation product. A small amount of
to 100—-200 mesh size particles. These catalysts wereaddition of dopants into the magnesium oxide gave

calcined at 500C for 2h in oxygen stream. The

better activity and the selectivity to 2,6-xylenol than

surface areas of prepared catalysts were measuredhe pure MgO catalyst as shown in Fig. 1. V-MgO

by the BET method using nitrogen adsorption at
77K.

catalyst has the good activity and the selectivity to
2,6-xylenol as compared with other catalysts. The
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Table 1
Alkylation of phenol over single component doped magnesium oxide catalysts
Catalyst8 PhOH conversion (%) Selectivity (%)

o-Cresol 2,6-Xylenol 2,4,6-TMP By-products

MgO 8.2 100 - - -
Mn(2.5)-MgO 40.6 83 17 - -
Ga(2.5)-MgO 44.4 63.1 36.9 - -
V(1)-MgO 58.4 73.7 26.3 - -
V(2.5)-MgO 64.5 53.5 39.1 4 24
V(5)-MgO 62.5 60.2 325 3.8 35
Ni(3.5)-MgO 52.8 78.9 21.1 - -
Co(1)-MgO 42.1 80.9 19.1 - -
Cr(2.5)-MgO 49.2 75.7 19.8 14 3.1
Cu(3.5)-Mgo 59.9 58.8 33.9 7.3 -

aAll values were the average at about 1h after the start of the reaction. Reaction conditions: temped@r€; reactant flow
rate= 0.27 c¢/h; PhOH/MeOH mole ratie= 1/5; flow rate of N carrier gas= 10 c¢/min; catalyst=0.1g.
P The value in the parenthesis refers to mol%.

conversion and selectivity were significantly varied
with the reaction time. V-MgO catalyst deactivated
rapidly during the reaction period while Mn—-MgO

the benzene ring of phenolate, giving more side prod-
ucts [16]. During the reaction period, the catalysts with
higher loading of vanadium deactivated more rapidly
catalyst did slowly. than that with less loading of vanadium. It can be ex-
In order to examine the effect of amount of vana- plained by the fact that the large amount of vanadium
dium on MgO, the phenol conversion and the selec- on magnesium oxide is more acidic and the strong
tivities to o-cresol and 2,6-xylenol were obtained as acidic sites seem to be easily deactivated, probably by
shown in Fig. 2. At the beginning of reaction the phe- carbonaceous deposits [17]. It indicates that an appro-
nol conversion on V(2.5 mol%)-MgO was 64.5% and priate acid—base bifunctional property is required for
the selectivity to 2,6-xylenol was 39.1%. A further in- high conversion and selectivity to 2,6-xylenol.
crease of vanadium from 2.5 to 5% gave the less ac- In an effort to improve the activity and the selectiv-
tivity and the selectivity to 2,6-xylenol. However, an ity of the catalyst, the modified magnesium oxide cat-
increase of vanadium content resulted in an increase inalysts containing more than one component were pre-
2,4- and 2,5-xylenols selectivities as shown in Table 1. pared and examined as listed in Table 2. Two compo-
Since the acid strength of higher loading of vanadium nent doped MgO catalysts are more active and selec-
is higher, the acid sites interact with theelectrons of tive to 2,6-xylenol than single component doped MgO

Table 2
Alkylation of phenol over two component doped magnesium oxide catlysts
Catalyst8 PhOH conversion (%) Selectivity (%)

o-Cresol 2,6-Xylenol 2,4,6-TMP By-products
V(1)-Mn(1)-MgO 76 57 39.6 24 1
V(2.5)-Mn(1)-MgO 91.7 30.1 47.6 16.7 5.6
Ga(2.5)-V(1)-MgO 37.2 81.8 18.2 - -
Na(1)-Mn(1)-MgC 30 88.1 7.6 4.3 -
Sb(1)-V(1)-MgO 83.7 32.7 56 9.2 2.1

aAll values were the average at about 1h after the start of the reaction. Reaction conditions are the same as in Table 1.
b The value in the parenthesis refers to mol%.

¢ Amount of catalyst= 0.2 g and flow rate of W carrier gas= 6 cc/min.
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Fig. 1. Catalytic performance of various modified MgO cata-
lysts. MgO @), Ga(2.5%)-MgO ¥), Mn(2.5%)-MgO ) and
V(1%)-MgO (®). Reaction conditions: temperature 460°C;
feedrate= 0.27 c¢/h; flow rate of N carrier gas= 10 c¢/min;
catalyst=0.1g.
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Fig. 2. Effect of vanadium content on phenol conversion and
product selectivities. V(5%)-MgO @); V(2.5%)-Mg0O #);
V(1%)-MgO (). Reaction conditions are the same as Fig. 1.

excellent in both the conversion of phenol and the se-

catalysts. It indicates that changes in the acid-baselectivity to 2,6-xylenol. However, the conversion of
properties take place on the catalysts for the alkylation phenol and the selectivity to 2,6-xylenol decreased

of phenol with methanol. The catalytic performance of
V-Mn-MgO catalyst is shown in Fig. 3 and it is com-
pared with V-MgO and Mn-MgO catalysts. At the
beginning of the reaction, the activity of V-Mn-MgO
catalyst was significantly higher than that of V—MgO
or Mn—MgO catalyst. The V-Mn-MgO catalyst was

sharply with reaction time while the selectivity to
o-cresol increased. Such a decrease in conversion and
a change in selectivity might be due to the deactivation
of active sites. It is considered that the deactivation
of active sites results from the deposition of carbona-
ceous materials onto the catalyst.
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Fig. 3. Comparison of V-Mn-MgO catalyst with V-MgO and
Mn-MgO catalysts. V(2.5%)—Mn(1%)-MgQ®); V(2.5%)-MgO
(V¥); Mn(2.5%)-MgO ®). Reaction conditions are the same as
Fig. 1.

From our results, it is certain that V—-Mn—MgO cata-

are distributed at benzene ring and the acidic sites on
the surface of acidic catalyst. So it is easy to attack
onm- andp-carbon of phenol by the adsorbed methyl
group [24]. This agreed with our results in which the
catalyst with more acidity produces more by-products
such as 2,4- and 2,5-xylenols.

It is important to note that Na—Mn—MgO gives a
good catalytic performance on the alkylation of phe-
nol even though it has lower activity than V-Mn—MgO
catalyst. Na—Mn—-MgO catalyst showed that the activ-
ity and the selectivity to 2,6-xylenol were higher than
those of pure MgO catalyst. Since the Na—Mn-MgO
catalyst was prepared for good acid—base balance,
the phenol conversion and the selectivitie®toresol
and 2,6-xylenol were maintained without the rapid
change during the reaction, and the selectivity to
ortho-alkylated products was very high. Also, the
deactivation of catalyst was not observed during the
alkylation of phenol. This can be explained in terms
of the reaction mechanism of phenol alkylation pro-
posed by Hamilton [25]. The basic sites are needed
for methanol dehydrogenation, whereas the acidic
sites are needed for methylation through methanol
dehydration. Therefore, the active sites balanced with
acidic and basic sites might be present onto the cata-
lyst and HCHO should be coordinated to Mg cation of
MgO. In this case, the basicity of Mg cation plays an
important role in the alkylation of phenol. However, if
the strong acidic site is present in the vicinity of Mg
cation as Bronsted acid type, the balance of acid and
base will be lost because of the influence of its acidic
site into the basicity and then the catalytic activity
and the selectivity will go down. Thus the balance
of acid—base property is very important for phenol
alkylation. From the above explanation there must
be some catalytic stability including good balanced
acid—base property by the addition of sodium.

3.2. O- and C-alkylation and influence of acidity

C-alkylation of phenol over MgO has been reported

lyst brings out a combined effect or sort of synergistic earlier [25] and the basic catalyst gave predominantly
behavior enhancing the catalytic activity. Furthermore, C-alkylation, whereas an increase in acidity decreased
it is believed that the acidic and basic character of the C-alkylation, selectively increasing O-alkylation [28].
catalysts would affect the product selectivity. The cat- Our results showed that 100% selectivity@tresol
alysts with higher acidic strength are more active but was obtained with pure MgO catalyst and small

less selective tortho-alkylation. It seems reasonable

amounts of anisole with V—-Mn—-MgO catalyst. Anisole

that there is an interaction between the electrons which by means of O-alkylation can be formed through the
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. ) Fig. 5. Effect of space velocity on phenol conversion and product
Fig. 4'. .E'ffect of temperature on phenol .conversmn and product ggjectivities of Mn(2.5%)-MgO. Conversion of phen®) and
selectivities of Mn(2.5%)-MgO. Conversion of phen@®) and selectivities too-cresol ¥) and 2,6-xylenol ). Reaction condi-

selectivities too-cresol (W) and 2,6-xylenol l). Reaction condi- tions are the same as Fig. 1 except for space velocity.
tions are the same as Fig. 1 except for reaction temperature.

Su2 reaction between phenol and methanol which is and the selectivities were dependent on the feed rate as
adsorbed on Brénsted acidic sites [20], but the ad- shown in Fig. 5. The conversion of phenol and the se-

sorbed anisole can be changedotaresol on acidic lectivity to 2,6-xylenol decreased as the space velocity
catalyst by isomerization [29]. Als@-cresol is pro- increased, while the selectivity tacresol increased. It

duced with methanol dehydration on acidic catalyst. IS considered that-cresol is the primary product and
Therefore, as we can see in Fig. 2, the high se- 2,6-xylenol is the secondary product obtained from the

lectivities to theo-cresol and 2,6-xylenol could be alkylation of o-cresol. Thus, the increase of contact

obtained not only in basic MgO but also in acidic {me gives leso-cresol but more 2,6-xylenol prod-
V—Mn-MgoO. uct. Fig. 6 shows the effect of the feed composition

(MeOH/PhOH mole ratio) on the conversion and the
) . product selectivities over Mn—MgO catalyst. The con-
3.3. Effect of reaction conditions version of phenol and selectivity to 2,6-xylenol in-

. ~ creased with the mole ratio of MeOH/PhOH.
Studies on the effect of temperature on alkylation

of phenol were carried out over Mn—MgO catalyst

in the temperature range 460-5@at 1atm. The 100 100
conversion of phenol and the selectivitiesa@resol

and 2,6-xylenol are shown in Fig. 4. The conversion £ 807 80

of phenol and the selectivity to 2,6-xylenol increased § g
continuously with the increase of reaction tempera- E % - E
ture, while the selectivity tm-cresol decreased due  § 40 a0 8
to the series reaction. The conversion of phenol at & a
500°C was high as nearly 100% and the selectivity for & 20 - 20
2,6-xylenol increased rapidly. It indicates that all phe-

nols in the feed are converted intecresol and then 0 0 2 P p s 0 12 0

the o-cresol into 2,6-xylenol. The early good catalytic MeOH/PhOH mole ratio

performance was decreased rapidly at high reaction

temperature. Fig. 6. Effect of feed molar ratio (MeOH/PhOH) on phenol con-

The influence of the space Velocity on the reac- version and product selectivities of Mn(2.5%)-MgO. Conversion
of phenol @) and selectivities ta-cresol f) and 2,6-xylenol

tion was InveStlgated by varying the Teed rate over (). Reaction conditions are the same as Fig. 1 except for feed
Mn—-MgO catalyst at 46CC. The conversion of phenol  molar ratio.
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Fig. 7. Effect ofo-cresol as feed on the activity and the product selectivities. Conversiorcasol €); 2,6-xylenol @); 2,4,6-xylenol
(V); by-products W). Reaction conditions: MeOfb-cresol= 5/1; temperature= 460°C; catalyst= 0.2 g of Na—Mn-MgO; flow rate of
N2 carrier gas= 6 cc/min; liquid flow rate= 0.27 c¢/min.

The results of alkylation using-cresol as a re-  3.4. Deactivation
actant instead of phenol are shown in Fig. 7. The

main product ofo-cresol alkylation was 2,6-xylenol, The degree of deactivation and the surface areas
whereas that of phenol alkylation wascresol. It sug- of the catalysts are shown in Table 3. As mentioned
gests that phenol alkylation is proceeded by a se- earlier, the more acidic catalysts had higher activity,
ries reaction (phenob> o-cresol— 2,6-xylenol — whereas the deactivation occurred rapidly during the
2,4,6-trimethyl phenol (2,4,6-TMP)). reaction period. The surface areas of the catalysts after

the reaction were in the range 165-25%gn A cor-
relation between the surface area and the activity did
not appear in this reaction.

Table 3 Fig. 8 shows the thermal gravity analysis (TGA)
Surface area and degree of deactivation over various cafalysts thermogram of V—Mn—MgO catalyst reacted for vari-
Catalyst8 BET surface  PhOH conversion (%)
area (fﬁ/g) 1h 7h @ +297.5"(:

Mn(25)—MgO 170 40.6 30.7 8.25%
Ga(2.5)-MgO 44.4 16.0 © ,285.7°C )
V(1)-MgO 165 58.4 32.7 ' 561.9°C
V(2.5)-MgO 170 64.5 24.8 w —
V(5)-MgO 169 625 14.8 ®) 2881°C S26.2C
Ni(3.5)-MgO 205 52.8 27.0 -*w
Co(1)-MgO 421 24.7 _ |521.4°C
Cu(3.5)-MgO 247 59.9 25.2 (@) %3¢ —————
Ga(2.5)-V(2.5-MgO 372 50 082.4°C
V(1)-Mn(1)-MgO 216 76.0 31.0 T —
Na(1)-Mn(1)-MgO 30.0 27.0 . . . .
Na(0.5)-Mn(1)-Mg® 28 207 200 400 600 800

aReaction conditions are the same as in Table 1. Temperature(°C)

b The value in the parenthesis refers to mol%.

¢ Amount of catalyst= 0.2 g and flow rate of N carrier gas= Fig. 8. TGA curves of V(2.5%)—Mn(1%)-MgO catalyst as reaction

6 co/min. time: (a) fresh; (b) 1h; (c) 7h; (d) 14h.
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ous reaction times. As the reaction time increased, the [2] M. Inoue, S. Enomoto, Chem. Pharm. Bull. 24 (1976) 2199.

temperature of the coke burn-off moved to higher tem-

peratures and the deposition rate of coke increased. |
indicates that the coke was deposited on acid sites and [5]
then, catalytic performance was decreased. The more

deposits of coke formed a graphitic structure and it
was more difficult to be removed by burning.

4. Conclusions

The alkylation of phenol with methanol over modi-

fied magnesium oxide catalysts can be summarized as

follows:
1. Small amount of addition of dopants into the mag-
nesium oxide was effective for the good balanced

[3] S. Sato, K. Koizumi, F. Nozaki, Appl. Catal. A 133 (1995) 7.

t [4] B.J. Van Sorge, US Patent 3,873,628 (1975), to General

Electric Company.

T. Kotanigawa, M. Yamamoto, K. Shimokawa, Y. Yoshida,

Bull. Chem. Soc. Jpn. 44 (1971) 1961.

[6] B.J. Van Sorge, US Patent 4,097,411 (1978), to General
Electric Company.

[7] F. Nozaki, I. Kimura, Bull. Chem. Soc. Jpn. 50 (1977) 614.

[8] B.E. Leach, US Patent 4,227,024 (1980), to Conoco
Incorporated.

[9] R.A. Battista, US Patent 4,458,031 (1984), to General Electric
Company.

[10] B.J. Van Sorge, US Patent 3,974,229 (1976), to General
Electric Company.

[11] V. Ventkat Rao, K.V.R. Chary, V. Durakumari, S. Narayanan,
Appl. Catal. 61 (1990) 89.

[12] V. Ventkat Rao, V. Durakumari, S. Narayanan, Appl. Catal.

49 (1989) 165.

acid-base properties of the catalysts, and these gavé13] H. Grabowska, W. Kaczmarczyle, J. Wrzyszcz, Appl. Catal.

better activity and the selectivity to 2,6-xylenol than
the pure MgO catalyst.

2. The phenol conversion and the selectivities to
o-cresol and 2,6-xylenol were maintained without
the rapid change over Na(1%)—Mn(1%)-MgO cat-
alyst, and the selectivity tortho-alkylated prod-
ucts was very high. Sodium addition has a function
in promoting the catalytic stability including good
balanced acid—base property.

3. It is suggested that phenol alkylation is a series
reaction (phenol— o-cresol — 2,6-xylenol —
2,4,6-TMP).

4. ForV(2.5%)-Mn(1%)—MgO catalyst, catalytic per-

formance was decreased because of the coke de-

posit on acid sites. The more deposits of coke
formed a graphitic structure.
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