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The oxidative methylation of toluene with methane to ethylbenzene and styrene has been investi-
gated over various monoalkali-metal-compounds-promoted MgO catalysts and superbasic catalysts
prepared by promoting MgO with various binary alkali metal compounds. The experiments have
been carried out under atmospheric pressure, at 650-850°C, at a CH, : O, : C;Hy : He partial pressure
ratio of 14.7:2.9:1:11.8 and at a space velocity of 15,000 cm® g~! h~!. The performances of the
bialkali-metal-compounds-promoted MgO are much higher than any monoalkali-promoted MgO
and are found to strongly depend on the nature of the alkali metal compounds forming the pair,
the concentration of the alkali metal ions, and the reaction conditions. The most effective catalytic
systems are obtained with MgO promoted with the bialkali metal compounds of LiA + NaA, LiA
+ CsA, KA + CsA or NaA + CsA (A = SO}, OH™, CI", CH,COO~, CO}™ or NOj) containing
total alkali loadings of 10 mol% with equal molar amounts of both alkalis. Any bialkali-promoted
system containing rubidium was less effective than those systems. The highest Cy-selectivity (57
mol%) and Cs-yield (24.2%) with a styrene/ethylbenzene molar ratio of 1.6 were obtained over
(5 mol% Na* + 5 mol% Cs*)MgO (prepared from the sulfate precursors) at 750°C under the
aforementioned conditions. The total Cyg-selectivity and the total Cy-yield over the bialkali-promoted
systems remained almost unchanged for a period of 60 h. In contrast, the maximum Cg-yield over
any monoalkali-promoted system never exceeded 11.6% (styrene/ethylbenzene = 1.4) under the
same conditions and the stability with time-on-stream was less prominent. The relationship between
the catalytic performances and the physicochemical characteristics of the catalysts revealed by
XPS and basicity measurements is explored. The relatively high performances of the bialkali-metal-
compounds-promoted MgO are likely to be related to the synergistic increase in the surface basicity
(superbasicity) caused by the enrichment of the surface layer with the alkali ions (Na® and Cs*).
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INTRODUCTION

Many research groups are conducting ex-
tensive research to replace crude oil-based
chemicals with natural gas and coal-based
chemicals. The latest effort is the direct con-
version of methane into valuable C, hydro-
carbons, particularly ethylene, via oxidative
coupling in the presence of effective cata-
lysts (7).

Currently, styrene—one of the most im-
portant industrial monomers—is produced

" To whom correspondence should be addressed.

by catalytic alkylation of benzene with eth-
ylene over AICl;—HCI catalysts followed by
oxidative dehydrogenation of the resulting
ethylbenzene over potassium-promoted
iron oxide catalysts (2). However, this pro-
cess involves the utilization of benzene and
ethylene, obtained from crude oil and petro-
leum gas, which are expensive feedstocks.
In addition, the use of hazardous catalysts
like AICL,—~HCI constitutes an environmen-
tal concern. A different process for the pro-
duction of ethylbenzene and, ultimately,
styrene by oxidative methylation of toluene
with methane, discovered by Khcheyan et
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al. (3-7), provides an attractive route from
abundant natural gas and distillates of coal
tar, rather than from the limited petroleum
sources, and minimizes the pollution caused
by hazardous catalysts. The reaction in-
volves the high-temperature (~700°C) inter-
action of methane with compounds con-
taining a methyl group at an a-position on
an electron-withdrawing functional group,
such as toluene. The process proceeds with
an appreciable yield in the presence of vari-
ous catalysts, such as the oxides of Fe, Co,
Ni, Ti, V, Bi, Mo, or Zn (7). However, the
details regarding the catalyst compositions,
method of preparation and promoter effect
have not been disclosed. Yakovich et al. (8)
reported that a KBr-loaded silica catalyst
gives the highest selectivity to styrene and
ethylbenzene, but it is not yet clear whether
replacing silica with some other support
would give similar results.

Recently, on the basis of catalysts used
for the oxidative coupling of methane to C,
hydrocarbons (I, 9-11), several groups
have employed some methane coupling cat-
alysts for the oxidative methylation of tolu-
ene with methane (/2-18). Such studies
have revealed that the oxidative methyla-
tion of toluene is catalyzed by alkali-pro-
moted basic oxides, such as alkali/alkaline
earth metal oxides, alkali/transition metal
oxides, and alkali/rare earth metal oxides,
which are active in the oxidative coupling of
methane as well. The alkali-promoted basic
oxides provide the active sites for the forma-
tion of reactive intermediates like methyl
radicals and benzyl radicals by the abstrac-
tion of hydrogen from methane and toluene,
respectively (7, 17, 18). The combination
of the radicals leads to the formation of C;
hydrocarbons (ethylbenzene and styrene)
and other higher hydrocarbons. However,
the catalysts thus far reported suffer from
low selectivities toward the desired prod-
ucts and low stability with time-on-stream.

We recently reported (/9) that a substan-
tial synergistic effect is obtained in the oxi-
dative coupling of methane by using various
bialkali-metal-compounds-promoted magne-

sia, instead of monoalkali-promoted magne-
sia. We attributed this synergistic effect to
the much higher enrichment of the surface
layer with alkali ions for the bialkali- than for
monoalkali-promoted magnesia. This high
enrichment generates superbasic catalysts.

According to Kijenskii and Malinowskii
(20, 21), the term ‘‘superbase’’ is used to
denote a base strong enough to detach a
proton from hydrocarbon molecules, such
as triphenylmethane (pK, of acid indicator
= 33) or methane (pK, = 40). The base
strength (denoted H_ = pK,) of a superbase
should therefore lie in the range 40 = H_ =
33. More recently Tanabe er al. (22) sug-
gested that materials which possess basic
sites in the range 35.0 = H_ = 26.5 could
be termed superbases. The latter definition
is in conformity with that of solid super-
acids. A superbase can be obtained by pro-
moting an oxide, such as MgO or Al,O,, with
bialkali metals (20). The catalytic activity of
such superbases was extremely high in the
dehydrogenation of isopropylbenzene.

It is the concept of superbasic materials
that prompted us to investigate their cata-
lytic influence on the oxidative methylation
of toluene with methane, since we already
observed a noticeable synergistic effect of
such materials on the oxidative coupling of
methane (/9, 23). In the present paper, we
show that such superbasic materials are
more effective in the oxidative methylation
of toluene than any monoalkali-metal-
compound-promoted materials. We report
on a substantial synergistic effect for both
the basicity as well as for the activity, Cg-
selectivity, and stability with time-on-
stream when binary mixtures of alkali com-
pounds are employed as promoters, instead
of the respective monoalkali compounds.
Some preliminary results have been re-
ported in a short communication (24).

EXPERIMENTAL
Catalyst Preparation

Pure MgO was either prepared by a
sol-gel method or obtained commercially
(Aldrich). The details of the catalyst prepa-
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ration have been reported in Ref. (23).
Briefly, first MgO was prepared by a sol-gel
method, according to the procedure de-
scribed in the literature (25), followed by its
calcination at 900°C for 15 h, cooling to room
temperature, pressing, crushing, and siev-
ing to 60-80 mesh particle sizes. Onto this
calcined MgO powder, mono- or bialkali
metal compounds were deposited by the
conventional impregnation method, using
one of six different alkali precursors
(M,S0O,, MOH, MCI, M,CO;, MNO,, or
CH,COOM, where M = Li, Na, K, Rb, or
Cs). For the deposition of the monoalkali
metal compound(s), an aqueous solution of
the alkali metal salt(s) was introduced into
an aqueous slurry of MgO under vigorous
stirring at 80°C, followed by evaporation to
dryness, drying overnight at 120°C, calcina-
tion in air at 750°C for 15 h, powdering,
pressing, crushing, and sieving to 80-mesh
particle sizes. For the deposition of the bial-
kali metal compounds, an aqueous solution
of the two respective alkali metal salts pre-
pared by dissolving the salts simultaneously
in distilled water was used. The initial alkali
metal loading was usually 10 mol% for the
monoalkali deposition. For the bialkali
metal compound deposition, the total alkali
metal loading was also 10 mol%, with an
equal molar amount of both compounds, ex-
cept when the effect of the alkali loading
was studied. Unless otherwise stated, MgO
(s—g) prepared by the sol-gel method was
used in all the experiments. No significant
differences in the catalytic performance
were observed when MgO (s—g) or that ob-
tained commercially was employed as sup-
ports.

Reactor Setup/Catalyst Screening

A schematic diagram of the reactor setup
is presented in Fig. 1. The catalytic runs
were carried out in the temperature range
650-800°C, under atmospheric pressure, in
a fixed-bed flow reactor constructed from a
high-purity alumina tube (6 mm i.d., 30 cm
long) mounted horizontally and heated by a
programmable single-zone electric furnace

(Lindberg 54S-142) with a built-in thermo-
couple. The hot zone was 8 cm long. Usually
200 mg of calcined catalyst sandwiched be-
tween quartz wool plugs was placed in the
center of the reactor tube, which was con-
nected to the gas inlet and outlet systems
through Cajon fittings containing high-tem-
perature (250°C) O-ring seals. The reactant
gas mixture of high-purity methane, oxygen,
and helium (all 99.9% purity; Cryogenic
Supply) was passed through a toluene
(99.9% purity; Aldrich) vapor saturator
made of galvanized metal and maintained
usually at 22°C just before the inlet of the
reactor. The total flow rate of the gas mix-
ture measured at the outlet of the reactor was
50 mVmin (NTP), which gave rise to partial
pressure ratios of Pey,:Po,: Pey,: Py =
14.7:2.9:1:11.8. The flow of each gas was
controlled by a variable constant differential
flow controller (Porter VCD 1000) con-
nected to a filter (Nupro, 7 um) and a check
valve. The reactor tube was periodically
cleaned with nitric acid to eliminate the car-
bonaceous and alkali materials deposited on
the inside wall.

Product Analysis

The gaseous products, after separated
from condensed products by passing
through a heptanol-liquid nitrogen bath
(—40°C), were sampled on-line using an au-
tomatic 10 port-sampling valve (Valco) and
analyzed by gas chromatography (Per-
kin—-Elmer Sigma 2000) fitted with thermal
conductivity and flame ionization detectors
and attached to a PE 3600 data station. The
GC contained a Chromosorb 102 column
(3.20 mm X 1.82 m) and a Bentone 34 col-
umn (3.20 mm X 1.82 m). The condensed
products were analyzed off-line by a GC/
MS (Hewlett—Packard 5890 Series II) fitted
with a mass-selective detector (MSD 5971A)
and three columns: a molecular sieve 5A
(3.20 mm X 1.82 m), a poraplot wide bore
capillary (0.53 mm X 27.5 m), and a cross-
linked methyl silicon capillary (0.20 mm x
12.5 m). Argon was used as an internal stan-
dard. The conversion of toluene is ex-
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F1G. 1. Schematic diagram of the reactor setup used in the oxidative methylation of toluene. CV—
check valve; NF—Nupro filter; VCD—variable constant differential flow controller.

pressed as the fraction of moles of toluene
reacted. The selectivity is the ratio of the
number of moles of a particular product to
the total number of moles of all the products
(without water). The yield is the product of
the conversion and the selectivity.

Catalyst Characterization

The catalysts were characterized by sur-
face area measurements (BET method), X-
ray diffraction (XRD) analysis, atomic ab-
sorption spectrophotometry (AAS), X-ray
photoelectron spectroscopy (XPS), and ba-
sicity/base strength distribution measure-
ments. The details of the methods have been
reported previously (23, 26). The basicity
and the base strength distribution of the
solid catalysts were determined by two
methods: benzoic acid titration using indica-
tors (22, 27), and gaseous acid (CO,) adsorp-

tion followed by its stepwise thermal de-
sorption (28, 29). The base strength of a
solid surface is defined as the ability of the
surface to donate an electron pair to an ad-
sorbed acid. The amount of basicity (or ba-
sic sites) on a solid is expressed as the num-
ber (or mmol) of basic sites per unit weight
or per unit surface area of the solid. The
surface area of some calcined samples and
the alkali metal loadings determined by AAS
are presented in Table 1.

RESULTS
Noncatalytic Reactions

The oxidative methylation of toluene
(i.e., the reaction involving methane, oxy-
gen, and toluene vapor with helium as a
diluent) was carried out in an empty (no
catalyst) reactor both in the absence and the
presence of quartz wool plugs at 650-850°C
in order to examine the contribution of the
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TABLE 1

Some Physicochemical Characteristics of the MgO-Supported Mono- or Bialkali
Metal Sulfate(s)

No. Sample® Surface area Alkali metal loadings®
(m¥g) (mol%)

Before After

calcination calcination
1. MgO 14.5 — —

2. Li,SO/MgO 8.8 10 34

3. Na,S0O/MgO 9.5 10 9.5

4. K,S0,/MgO 9.2 10 9.0

5. Rb,SO,/Mg0O 10.0 10 2.5

6. Cs,S0,/MgO 8.5 10 9.6
7. (Li,SO; + Na,S0,)/Mg0O 6.2 5+5 1 + 4.7
8. (Li,SO, + K,S0,)/Mg0 5.8 5S+5 0.6 + 4.4
9. (Li,SO, + Rb,SO,)/MgO 6.5 S+5 0.5+ 0.3
10. (Li,SO, + Cs,S0,)/Mg0O 7.0 5+5 0.8 + 4.6
11. (Na,S0, + K,S50,/MgO 5.5 S+5 4.6 + 4.4
12. (Na,SO, + Rb,S50,)/MgO 5.2 S5+5 4.8 + 1.0
13. (Na,S0, + Cs,S0,)/MgO 6.8 S5+5 4.8 + 48
14. (K,SO4 + Rb,S0,)/Mg0O 5.4 5+5 4.0 + 0.6
15. (K,SO,4 + Cs,80,/Mg0O 6.0 S+5 34 + 45
16. (Rb,SO;4 + Cs,50,)/Mg0 6.4 S+5 0.8 + 4.7

¢ Crystalline phases identified by XRD are MgO only, except for samples 3 and 6,
which showed additional phases of Na;SO, and Cs,SQ,, respectively.

b AAS analysis showed that the initial alkali loadings are approximately the same
after calcination, except for the Li- and Rb-containing samples, which showed a
substantial loss of those elements during calcination.

non-catalytic (thermal gas-phase reactions)
reactions to the catalytic one. The results
obtained at 750°C are presented in Table 2.
Below 700°C the empty reactor gave only
CO and CO,, but above 700°C, in addition,
small amounts of benzene, ethylbenzene,
styrene, stilbene, bibenzyl, and water were
observed. A C;-yield of 0.6 and 1.3% in the
absence and presence of quartz wool plugs,
respectively, indicates that some methyla-
tion of toluene took place thermally. How-
ever, this contribution is insignificant com-
pared to the catalytic performances.

Catalytic Performances

Pure MgO (s-g) and mono- or bialkali-
metal-compounds-promoted MgO are low-
surface-area (<15 m%/g) crystalline materi-
als (Table 1). Upon promoting MgO with

the alkali metal sulfate(s), the surface areas
of the resulting materials decreased. These
decreases are more noticeable with the bial-
kali-promoted MgO than with the mono-
alkali-promoted ones. Similar results were
obtained in our previous investigation (23)
over mono- and bialkali-metal-hydroxide-
promoted MgO.

In spite of the decreases in surface area,
the catalytic performances of the bialkali
(from the hydroxides, chlorides, sulfates,
acetates, carbonates or nitrates precursors)
promoted MgO were significantly higher
than those of any monoalkali-promoted
MgO or pure MgO (as shown later). The
main products over all the catalysts were
benzene, ethylbenzene, styrene, carbon ox-
ides (both CO and CO,), and H,0O with small
amounts of xylene, stilbene, bibenzyl, and
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TABLE 2

Oxidative Methylation of Toluene with Methane over Mono- or Bialkali-Metal-Sulfate(s)-Promoted MgO

Catalyst Conversion Selectivity (mol%) Yield (%)

(alkali loading in mol%) (mol%)
CgHm CgHa Total C(,Hf, CO[ Total BZ

CH, O, C;Hy (EB) (ST) Cy (BZ) (x=1,2) Cq

None 1.2 42 5.0 8.0 3.0 1.0 140 70 0.6 0.7
Quartz wool 1.7 54 7.4 11.4 6.0 17.4 125 65 1.3 09
109% Li"/MgO 4.8 100 26.0 17.0 250 420 25.0 31.0 109 6.5
10% Na*/MgO 5.0 100 27.0 17.0 26.0 43.0 22.0 30.0 1.6 59
10% K~ /MgO 3.8 98 24.0 15.0 200 350 25.0 35.0 84 5.5
10% Rb*/MgO 35 97 220 155 21.8 373 260 34.0 82 7.5
10% Cs"/MgO 4.8 100 255 16.0 265 425 230 30.0 10.8 7.6
(5%Li* + 5%Na*)/MgO 10.3 100 42.0 240 320 56.0 19.0 20.0 235 8.0
(5%Li* + 5%K")MgO 9.8 100 38.0 22.0  28.0 500 21.0 24.5 19.0 8.0
(5%Li* + 5%Rb")/MgO 9.0 100 38.0 22.0 250 47.0 23.0 25.0 17.9 8.7
(5%Li' + 5%Cs™)/MgO 1.5 100 410 23.0 31.0 54.0 20.0 23.0 22,1 8.2
(5%Na* + 5%K*")/MgO 11.0 100 40.5 21.0 31.0 52.0 21.0 24.0 21.1 8.5
(5%Na* + 5%Rb*)/MgO 8.8 100 37.0 25.0  26.0 49.8 20.0 25.0 8.1 7.4
(5%Na* + 5%Cs*)/MgO 12.0 100 425 22.0 350 S57.0 18.0 21.0 242 7.5
(5%K"~ + S%Rb"yMgO 8.2 98 36.0 21.0 240 450 23.0 28.0 16.2 8.3
(5%K™ + 5%Cs*yMgO 10.5 100 41.0 26.0 250 51.0 21.0 23.0 209 8.6
(5%Rb™ + 5%Cs*)y/MgO 9.2 100 395 22.5 27.2 49.7 21.0 24.0 196 8.3

Note. Reaction conditions: T = 750°C, P = 1 atm, total flow = 50 ml/min (NTP), 1"CH4:P(,~:P(«1HK:PHc =
14.7:2.9:1: 1.8, and space velocity = 15,000 cm® g~' h™!. The results were obtained after 3 h of reaction.

C, hydrocarbons and a trace amount of un-
identified hydrocarbons. No phenol or alde-
hyde was detected in the product. Pure MgO
(s—g) showed some performance with a total
Cy-selectivity (ethylbenzene + styrene) of
21.6 mol% and a Cg-yield of 3.4%; the ben-
zene yield was 3.1% (Table 3). These values
are higher than those in the noncatalytic re-
actions but much lower than those over the
mono- or bialkali-promoted MgO. The oxy-
gen conversion increased noticeably up to
98%. Carbon oxides were the dominant
products.

Monoalkali-Metal-Compound-Promoted
MgO

Upon promoting MgO (s-g) with any
monoalkali metal compound (sulfate, hy-
droxide, chloride, acetate, carbonate, or ni-
trate), substantial increases in toluene con-
version and Cg-selectivity were obtained,
the methane conversion increasing to some
extent compared to the results obtained

over pure MgO. Since the performances of
the catalysts obtained from the first three
precursors (sulfate, hydroxide, or chloride)
were much higher than those from the latter
three, only those results are presented in
Tables 2—-4. The selectivity to benzene re-
mained almost the same as for pure MgO,
whereas that to carbon oxides showed some
decrease (Tables 2-4). Among the alkali
metals, Na*/MgO showed the best perfor-
mance in terms of Cy-yield, followed closely
by Cs*/MgO and Li*/MgO. The other two
monoalkali-promoted MgQO, namely, K*/
MgO and Rb*/MgO, were less effective un-
der the same conditions. The oxygen con-
versions, however, were very high (>97
mol%) over all the promoted MgO as for
pure MgO. Depending on the nature of the
alkali cation and to a smaller extent on the
nature of the associated anion, the promoted
MgO exhibited varying performances, with
the total Cy-selectivity between 29.5 and
43.0 mol%, and the total Cg-yield between
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TABLE 3

Oxidative Methylation of Toluene with Methane over Mono- or Bialkali-Metal-Hydroxide(s)-Promoted MgO

Catalyst® Conversion Selectivity (mol%) Yield (%)

(alkali loading in mol%) (mol%)
_— CgH,y, CgHy Total C¢Hq CO, Total BZ

CH, O, C;Hg (EB) (ST) Cy (BZ) (x=1,2) Cq

MgO 26 98 157 i4.0 76 21.6 20.0 48 34 3.1
10% Li*/MgO 4.8 100 25.0 150 240 390 224 35 9.7 5.6
10% Na*/MgO 40 100 226 18.0 20.5 385 220 36 8.7 6.3
10% K~ /MgO 3.2 100 24.4 150 19.0 340 242 42 83 59
10% Rb*/MgO 3.0 98 23.0 19.2  13.0 322 212 23 7.4 6.2
10% Cs™/MgO 5.1 1060 252 14.0 248 38.8 23.0 34 9.8 6.2
(5%Li* + 5%Na’)y/MgO 9.7 100 41.2 240 302 542 212 23 223 8.7
(5%Li* + 5%K*)yYMgO 9.0 99 39.0 23,0 260 49.0 20.5 27 19.1 8.0
(5%Li* + 5%Rb*")/MgO 8.7 100 374 250 224 474 223 27 17.7 8.3
(5%Li* + 5%Cs")/MgO 11.0 100 40.0 22.0 32.0 54.0 19.6 24 21.6 7.8
(5%Na" + 5%K*)/MgO 10.4 98 403 200 324 524 198 26 21.1 8.0
(5%Na” + 5%Rb")/MgO 8.5 100 137.0 26,0 242 502 202 27 186 7.5
(5%Na’ + 5%Cs*)yMgO 11.8 100 40.7 220 340 56.0 185 23 228 7.5
(5%K"* + 5%Rb")/Mg0O 8.0 97 35.0 23.0 21.0 440 23.0 29 154 8.0
(5%K* + 5%Cs*)/MgO 10.3 100 40.2 270 242  51.2 200 28 20.6 8.0
(5%Rb* + 5%Cs*)/MgO 8.7 100 39.0 223 270 493 216 26 19.2 84

Note. Reaction conditions are as in Table 2.
“ The surface areas of the samples are between 5 and 15 m¥/g.

TABLE 4

Oxidative Methylation of Toluene with Methane over Mono- or Bialkali-Metal-Chloride(s)-Promoted MgO

Catalyst Conversion Selectivity (mol%) Yield (%)

(alkali loading in mol%) (mol%)

— CgH,, CgHy Total C(Hq CO, Total BZ

CH, O, C;Hi (EB) (ST) C (B2 (x=12) G
10% Li*/MgO 33 100 220 130 290 320 250 40.0 7.0 5.5
109% Na*/MgO 4.2 100 23.0 15,0 200 350 220 40.0 8.0 5.1
10%% K*/MgO 3.0 97 20.0 120 180 300 23.0 43.0 6.0 46
10% Rb*/MgO 2.7 98 18.0 125 17.0 295 240 44.0 53 4.3
10% Cs*/MgO 4.0 100 220 6.0 200 360 23.0 38.0 7.9 5.1
(5%Li* + 5%Na’)/MgO 9.0 1060 38.0 220 28.0 500 200 29.0 19.0 7.6
(5%Li" + 5%K")YMgO 8.0 100 33.0 2000 255 455 220 30.5 15.0 7.3
(5%Li* + 5%Rb*)/MgO 74 100 29.0 20.0 23.0 430 250 32.0 12.5 6.7
(5%Li~ + 5%Cs")/MgO 98 100 37.0 2.0 29.0 50.0 23.0 25.0 18.5 8.5
(5%Na* + S%K*'YMgO 9.5 100 35.0 200 27.0 470 240 25.0 16.4 8.4
(5%Na* + 5%Rb")yMgO 7.6 97 310 188 23.0 41.8 21.0 31.0 12.9 6.5
(5%Na' + 5%Cs " )YMgO 10.8 100 40.0 210 300 510 220 25.0 20.4 8.8
(5%K* + S%Rb")MgO 7.0 98 30.0 19.0 21.0 400 24.0 34.0 12.0 7.2
(5%K* + 5%Cs*¥YMgO 84 100 37.0 20,0 260 460 24.0 28.0 17.0  10.3
(5%Rb* + 5%Cs*)/MgO 7.5 100 34.0 193 260 450 240 27.0 15.3 8.2

Note. Reaction conditions are as in Table 2.
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5.3 and 11.6%. Thus, Na,S0,/MgO showed
the highest toluene conversion of 27.0 mol%
and total Cg-selectivity of 43%, with a sty-
rene/ethylbenzene ratio of 1.5, whereas
RbCI/MgO was found to be the least effec-
tive catalyst. In general, in terms of the total
Cg-yields the following sequence for the al-
kali cations was observed: Na* > Cs* >
Li* > K* > Rb". A similar sequence was
also observed for the alkali cations associ-
ated with acetate, carbonate, or nitrate
(these results are not included in the paper
for the sake of brevity). However, their per-
formances were somewhat lower than those
observed for the sulfates, hydroxides, or
chlorides precursors. In terms of the influ-
ence of the anions, the following sequence
was observed: SO;- > OH™ > ClI- >
AC™ > CO3~ > NOjy, the differences being
quite small, however.

Bialkali-Metal-Compounds-Promoted
MgO

Upon promoting MgO (s—g) with any of
the bialkali metal compounds (total loading
10 mol% with equal molar contents), such
as LiA + NaA, LiA + CsA, NaA + CsA,
or KA + CsA (A = SO}, OH", CI,
CH,COO", CO{", or NO;y), via simultane-
ous impregnation with both the compounds,
significant increases in toluene and methane
conversions and, particularly, in the total
Cy-selectivity were observed, compared to
those over the respective monoalkali-pro-
moted MgO systems. The results obtained
over 10 different MgO-supported bialkali
derived from the first three precursors
(SOZ~, OH™, and CI) are presented in Ta-
bles 2—-4. The oxygen conversions (97-100
mol%) were as high as in the other cases.
Both the selectivities to benzene and carbon
oxides decreased to some extent. The sty-
rene/ethylbenzene ratios did not vary much
compared to those over the monoalkali-pro-
moted MgO.

The catalytic performances, however, de-
pend on the nature of the alkali compounds
forming the pair, the anions associated with
the cations and the reaction conditions.

Thus, the maximum steady-state methane
and toluene conversions (12.0 and 42.5
mol%, respectively) and the highest total
Cs-selectivity of 57 mol% (ethylbenzene
22.0 and styrene 35.0 mol%) were obtained
over (Smol% Na* + S mol% Cs*)/MgO (pre-
pared from the sulfate precursors). This
gives rise to a total Cg-yield of 24.2%, which
is much higher than the monoalkali-pro-
moted MgO. This is the highest Cg-yield
ever reported in the open literature. Over
this catalyst the benzene yield was only
7.5%, which is almost the same as that over
the monoalkali-promoted MgO. Other bial-
kali promoted MgO (e.g., LiA + CsA, LIA
+ NaA, or KA + CsA, where A = SOZ~,
OH-, ClI7, CH,COO0™, CO}", or NOj) also
showed noticeable increases in the total Cg-
yield, the benzene yield remaining nearly
the same as for monoalkali-promoted MgO.
The least effective among the bialkali sys-
tems was (5 mol% KNO; + 5 mol% RbNO;)/
MgO with a toluene conversion of 24.0
mol% and a total Cg-selectivity of 35.0
mol%, i.e., a total Cs-yield of only 8.4% (not
shown in the table). Even then these values
are much higher than those obtained over
any monoalkali-promoted MgO. In general,
Na* and Cs* pair was the most effective,
whereas the K* and Rb* pair was the least
in enhancing the catalytic performances. In
terms of the influence of the anions a similar
sequence as that for the monoalkali-pro-
moted systems was observed, i.e., SO~
was the most and NOj the least effective.
However, the effects of the bialkali cations
were much more pronounced than the in-
fluence of the anions.

Effect of Alkali Loadings

Since the promoter effects of the pairs
originating from the combination of Li,SO,,
Na,S0,, or Cs,S0, on MgO were the most
pronounced, further investigations regard-
ing the effects of the alkali loadings, reaction
temperature, stability with time-on-stream,
space velocity, and partial pressures of the
reactants concentrated on such systems.
Figures 2a and 2b present the effects of the
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Fi1G. 2. Effects of the alkali loadings on the total Cy-selectivity (a) and the total Cg-yield (b) over mono-
or bialkali-metal-sulfate(s)-promoted magnesia. Reaction conditions: Temperature = 750°C, pressure
= latm, CH,:0,:C;Hg: He = 14.7:2.9: 1 : 11.8, and space velocity = 15,000 cm’g~'h~!. The products
are measured after 3 h of reaction. @, Li*/MgO; ¥, Na*/MgO; A, Cs*/MgO; B, (Li* + Na*)/MgO;
¢, (Li* + Cs*)/MgO; @, (Na~ + Cs*)/MgO. For bialkali the loadings of the two are equal; only the
loading of one of the alkali is marked on the abcissa.

mono- or bialkali metal sulfate loadings on
the performances (total Cg-selectivity and
yield) of the resulting catalysts. The alkali
loadings were varied from 1 to 20 mol% for
the monoalkali-promoted systems, whereas
the total alkali loadings for the bialkali-pro-
moted systems from 2 to 40 mol% with an
equal molar amount of both the alkalis. With
the increase in alkali loadings, the monoal-
kali-promoted systems derived from the sul-
fate precursors show enhanced Cy-selectiv-
ity and C;-yield, the 10 mol% systems exhib-
iting the highest performances (Fig. 2). Of
these systems, 10% Na*/MgO was the best
with a total Cg-selectivity of 43.0 mol% and
a total Cg-yield of 11.6%. The methane and
toluene conversions also increased, re-
maining, however, almost constant for load-
ings higher than 10 mol% M*/MgO. The
benzene selectivity does not change much
with the alkali loading, but its yield in-
creases due to the increase in the toluene
conversion. The selectivity to carbon oxides
continued to increase and became 38 mol%
over 20% K */MgO (not shown in the figure).
However, the effect of the alkali loading
on the monoalkali-promoted systems was
much lower than those obtained with any

bialkali-promoted systems. For the latter,
the best performances were observed over
(5§ mol% Na* + 5 mol% Cs*)/MgO, exhib-
iting the highest Cy-selectivity (57.0 mol%)
and Cy-yield (24.2%). For the other two bial-
kali systems, the highest performances were
also exhibited by the (5 mol% Li* + 5 mol%
Cs*)/MgO and (5 mol% Li* + 5 mol% Na*)/
MgO systems. The systems with [10 mol%
Na* (Li* or Cs™) + 10 mol% Cs* (Na* or
Li*)] also showed good performances but
slightly lower than the former systems. Fur-
ther increases in the alkali loadings (higher
than 10 mol% for each) decreased the Ci-
selectivity and the Cg-yield.

Effect of Reaction Temperature and
Stability with Time-on-Stream

Figures 3a and 3b present the reaction
temperature dependence of the total Cg-
selectivity and the total Cs-yield over some
of the mono- or bialkali-metal-sulfate-pro-
moted MgO. For the monoalkali promoted
systems, the toluene conversion increases
as the reaction temperature increases from
650 to 850°C, but the total Cg-selectivity
passes through a maximum (42-43 mol%)
at 750°C, the 10% Na*/MgO exhibiting the
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F1G. 3. Effects of reaction temperatures on the total Cy-selectivity (a) and the total Cg-yield (b) over
mono- or bialkali-metal-sulfate(s)-promoted magnesia. The symbols and the reaction conditions are
as in Fig. 2, except the temperature. For monoalkali the loading is 10 mol% and for bialkali the loading

of each alkali is 5 mol%.

highest Cg-selectivity (Fig. 3a). For the bi-
alkali-promoted systems a similar trend is
observed, but with much higher toluene
conversion, which increases up to 43-46
mol% at 850°C, and significantly higher Cqg-
selectivity, which also passes through a
maximum (54-57 mol%) at 750°C, than the
respective monoalkali systems. A similar ef-
fect of the reaction temperature on the Cg-
selectivity and the Cg-yield was observed
over NaBr/La,0; catalysts (/6). The (5
mol% Na* + 5 mol% Cs*)/MgO exhibited
the highest performances at all tempera-
tures. At temperatures higher than 750°C,
the carbon oxides predominate in the prod-
ucts over all catalysts.

A prominent difference between the
mono- and the bialkali-metal-compound-
promoted MgO was observed with time-on-
stream. The stability with time-on-stream
of the bialkali-promoted systems is much
higher than that of the monoalkali promoted
systems (Figs. 4a and 4b). Thus, during
60 h of operation the total Ci-selectivity over
the monoalkali-promoted systems suffered
a 50-55% decrease compared to the initial
value, the 10 mol% Li*/MgO being the least
stable one (Fig. 4a). In contrast, the Cg-se-
lectivity over the bialkali-metal-sulfate-pro-

moted MgO remained almost unchanged.
Toluene conversions also suffered notice-
able decreases (25-30 mol%) over the for-
mer systems, unlike over the latter ones,
which showed a negligible decrease. This
gave rise to much higher and stable with
time-on-stream Cg-yields over the bialkali-
promoted systems than over the monoal-
kali-promoted systems (Fig. 4b). Again, the
(5 mol% Na* + 5 mol% Cs*)/MgO was the
most stable. During this prolonged opera-
tion, coke deposition was observed on all
the catalysts, particularly on the bialkali-
promoted systems. In spite of this coke de-
position, the selectivity to styrene continu-
ously increased (at least for 3 h), while that
to ethylbenzene decreased. A similar obser-
vation was made as early as 1972 for differ-
ent catalytic systems (30).

Effects of the Pseudo-contact Time

In order to determine the effects of the
pseudo-contact time (or the reciprocal space
velocity W/F), the amount of catalyst (W)
was varied while holding the flow rate (F)
constant. Figures 5a and Sb present the ef-
fect of the pseudocontact time on the total
Cq-selectivity and Cg-yield over some mono-
or bialkali-metal-sulfate-promoted MgO.
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For the monoalkali-promoted systems, the
toluene conversion increases with W/F, the
increase being more noticeable up to
W/F = 0.24 g - s/ml. The total Cs-selectivity,
however, passes through a maximum (42-43
mol%) at W/F = 0.24 g - s/ml, thereafter de-
creasing to some extent (Fig. 5a). There is
little difference among the three monoalkali-
promoted systems. The total Cg-yield also
passes through a maximum (10.8-11.6%) at
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WI/F = 0.24 g - s/ml, the 10 mol% Na*/MgO
showing the highest C;-yield (Fig. 5b). For
the bialkali-promoted systems, a similar pat-
tern for the dependence on the pseudocon-
tact time was observed, except that the C;-
selectivity and the Cy-yield are at higher lev-
els than for the monoalkali-promoted sys-
tems. Also, the decreases with increasing
pseudocontact time in Cg-selectivity and
-yield are less than those in the monoalkali-
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FiG. 5. Effects of pseudocontact time ( W/F) on the total Cg-selectivity (a) and the total Cy-yield (b)
over mono- or bialkali-metal-sulfate(s)-promoted magnesia. The symbols and the reaction conditions
are as in Fig. 3, except the space velocity and the temperature which is 750°C.
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conditions are as in Fig. 3, except the methane partial pressure and the temperature which is 750°C.

promoted systems. These findings are ap-
proximately consistent with those in Ref.
(16) obtained over different catalytic
systems.

Effects of Reactant Partial Pressures

The effect of methane partial pressure on
the Cg-selectivity and the Cy-yield over
some of the mono- or bialkali-metal-sulfate-
promoted MgO while holding the partial
pressure ratios of the other components
constant is presented in Figs. 6a and 6b.
For the monoalkali-promoted systems, with
increasing methane partial pressure the total
Ci-selectivity increases, passing through a
maximum (42-43 mol%) at Pcy, = 368 Torr
followed by some decrease (Fig. 6a). The
Cg-yield also increases until Pcy, = 368
Torr, thereafter showing a very small de-
crease due to the slight increase in toluene
conversion (Fig. 6b). The bialkali-promoted
systems show a similar pattern, but with
much higher values for Cg-selectivity and
Cs-yield. The highest Cy-selectivity (57.0
mol%) and Cg-yield (24.2%) were observed
over (5§ mol% Na* + 5 mol% Cs*)/MgO.

Figures 7a and 7b show the effect of the
partial pressure of toluene on the Cg-selec-
tivity and the Cq-yield while keeping the par-
tial pressure ratios of the other components

constant. With the increase in partial pres-
sure of toluene, the total Cg-selectivity in-
creases over both the mono- and bialkali-
promoted MgO and passes through a maxi-
mum at PC7H . = 25 Torr (Fig. 7a). However,
the bialkali-promoted systems have Cg-se-
lectivities at much higher levels than the
monoalkali-promoted systems. The Ci-
yields over both the systems also exhibit
similar patterns, with a relatively low de-
crease after Pcy, = 25 Torr due to constant
toluene conversion (Fig. 7b).

The effect of the partial pressure of oxy-
gen on the total Cg-selectivity and the total
C;-vyield is presented in Figs. 8a and 8b. The
highest Cg-selectivity and Cs-yield over both
the mono- and bialkali-promoted MgO were
obtained at Py, = 72.5 Torr. Further in-
creases in the oxygen partial pressure de-
creases the Cg-selectivity due to an increase
in the formation of carbon oxides from tolu-
ene, whereas the Cg-yield leveled off at
8-9% and 21-22% for the monoalkali- and
the bialkali-promoted systems, respec-
tively.

Basicity and Base Strength Distribution

The basicity and base strength distribu-
tion of some mono- and bialkali-metal-sul-
fate-promoted MgO have been determined
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by CO, adsorption followed by its stepwise
thermal desorption (STD), and also by titra-
tion with benzoic acid in the presence of
indicators. In the STD method, the amount
of CO, chemisorbed on the catalyst at 50°C
was determined from the amount of CO,
desorbed from 50 to 850°C. Chemisorbed
CO, is considered to be the amount of CO,
retained by the presaturated catalyst after
it was purged with pure helium for 30 min
at 50°C. It is assumed that one site is in-
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volved in the chemisorption/desorption of
one CO, molecule (28, 29).

Figure 9 presents the basicity and base
strength of pure MgO and of the mono- or
bialkali-metal-sulfate-promoted MgO cal-
cined in situ at 850°C for 15 h in a helium
flow. Each column represents the number
of basic sites measured in terms of CO, de-
sorbed during the corresponding tempera-
ture step. The strength of these sites is ex-
pressed in terms of the range of the
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Fic. 8. Effects of oxygen partial pressure in the feed gas on the total Cg-selectivity (a) and the total
Cy-yield (b) over mono- or bialkali-metal-sulfate(s)-promoted magnesia. The symbols and the reaction
conditions are as in Fig. 3, except the oxygen partial pressure and the temperature which is 750°C.
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desorption temperatures of CO,. As can be
seen, upon promoting MgO (s—g) with
mono- or bialkali metal sulfates, the
amounts of desorbed CO, significantly in-
crease, particularly for the latter systems,
compared to pure MgO (s—g) (Fig. 9a).
Moreover, the maximum desorption is
shifted to higher temperatures than for pure
MgO. A similar observation was made over
mono- or bialkali-metal-chloride-promoted
MgO previously (23).

Among the monoalkali promoted systems
(Figs. 9b-9d), the 10 mol% Na"/MgO
showed the largest amount of CO, desorbed
(1550 wmol/g cat) over the entire tempera-
ture range, and 250 umol/g over the temper-
ature range 700-850°C, which is close to
the reaction temperature. For the bialkali-
promoted systems (Figs. 9e-9g), the
amounts of CO, desorbed are twice those

for the respective monoalkali promoted sys-
tems. The largest CO, (2800 umol/g) is de-
sorbed from (5 mol% Na*™ + 5 mol% Cs*)/
MgO, indicating that this system possesses
the highest basicity. Moreover, the basicity
is quite high in the range 700-850°C, which
can be seen from the large amount of CO,
desorbed (500 umol/g) in this range, close to
the reaction temperature. The STD method
was also used to measure the basicity and
base strength distribution of some mono-
and bialkali-promoted MgO catalysts sub-
jected to the catalytic reaction for 60 h. A
small increase of 10 to 20% was observed
in the basicity and base strength distribution
in these postcatalysis samples. This in-
crease is, however, in the limit of experi-
mental error.

A noticeable improvement in the basicity
and base strength distribution of bialkali-
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TABLE 5

Concentrations of Basic Ionic Sites on the Surface of MgO (s-g) and Mono- or Bialkali-Metal-Sulfate(s)-
Promoted MgO (s—g) Calcined at 750°C, 15 h, as Measured by the Benzoic Acid Titration Method?

Sample Concentration of basic ionic sites (mmol/g)
(alkali loading in
mol%} 122=H 5150 1S0=H_ =172 172sH_=184 184=H =265 265=H_=350 I Sites
(mmol/g)
MgO (s-g) .10 0.07 0.06 0.08 0.00 0.31
10%Li,SO0,/Mg0O .17 0.11 0.11 0.14 <0.01 0.53
10%Na,SO,/MgO 0.18 0.14 0.13 0.12 <0.01 0.57
10%K,S0,/MgO Q.15 0.1 0.12 0.11 <0.01 0.49
10%Cs,804/Mg0 0.18 0.1 0.12 0.15 <0.01 0.56
(5%Li,SO4 + 0.23 0.13 0.14 0.13 0.13 0.76
5% N2,S0,/MgO
(5%Li,80, + Q.23 0.13 0.15 0.14 0.14 0.79
5%Cs,S0,)/MgO
(5%Na,S0, + 0.21 0.13 0.15 0.15 0.14 0.78
5%K,50,/MgO
{5%Na,S0, + 0.22 0.14 .15 0.15 0.16 0.82
59%Cs,S0/MgO

¢ The accuracy is *5%.

b H_ is the base strength determined from the pK, value of an adsorbed indicator according to H_ = pK, + log{B J/[BH], where pK, is the
negalive logarithm of the dissociation constant of the indicator, [BH] is the concentration of the acidic form of the indicator, and {B7] is the

concentration of the basic form; the [B~)/{BH] ratio is considered to be 1.

metal-sulfate-promoted MgO systems com-
pared to the monoalkali-sulfate promoted
MgO or pure MgO was also observed by
the conventional method of titration with
benzoic acid using indicators. However,
this method is more qualitative than the
STD method and the titration is carried
out at room temperature in the presence
of a solvent, i.e., under conditions different
from the operating conditions of the cata-
lyst. Moreover, this method is based on
the use of indicators, and the hydrolysis
of the highly basic solids due to the pres-
ence of traces of moisture makes the
determination of the end-point of titration
difficult (28). Nevertheless, the results ob-
tained still indicate that the basicity and
base strength of the bialkali-promoted sys-
tems are higher than those of the monoal-
kali-promoted MgO.

It can be seen (Table 5) that only the bial-
kali-promoted MgO systems have an appre-
ciable basicity in the range 26.5=H_ = 35.0
(fifth range), in addition to the noticeable
basicity observed in the previous four suc-
cessive ranges. In contrast, pure MgO and
the monoalkali-promoted MgO do not pos-

sess any basicity in the fifth range, although
they show good basicity in the other four
ranges. Considering the H_ values, one can
conclude that the bialkali-promoted systems
are superbases, in accordance with the clas-
sification of Tanabe et al. (22).

XPS Results

Some of the mono- or bialkali-metal-sul-
fate-promoted MgO were analyzed by XPS
in order to get information on the valence
states and the surface concentration of the
elements. The electron-binding energies of
the Li 1s (55.0 eV), Na 1s (1072.1 V), Cs
3d,(724.8eV), Mg 25 (88.4¢V), 0 15(529.4
and 532.4 eV), and C 1s (285.0 and 289.7
eV) levels in both the mono- or bialkali-
promoted MgO are in agreement (not shown
here) with the reported values (26, 31). The
binding energies indicate that the alkali
metal elements are in the monovalent and
magnesium in the divalent states, as ex-
pected. The O 1s and C s spectra, which
have two different binding energies in the
postcatalysis samples, provide evidence
that multiple oxygen and carbon species are
present on the surface of the catalysts. The
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higher binding energy of O s is ascribed to
a carbonate-type, whereas the lower value
to an oxide-type oxgyen (26, 32). For C 1s
the lower binding energy is ascribed to
graphite or hydrocarbons and the higher to
carbonates (26, 32).

As we reported previously (23), some no-
ticeable differences were observed between
the surface compositions of the mono- and
bialkali-promoted MgO systems derived
from the chloride precursors, particularly
after the catalytic reaction. The present
study shows that in the monoalkali-pro-
moted systems derived from the sulfate pre-
cursor, most of the Li in the surface layer
was lost during calcination, unlike the sur-
face Na or Cs which remained almost equal
to the loading values (Table 6). A similar
loss of surface Li was observed in other
catalytic systems (26, 29). In contrast, the
loss of surface Li in the calcined bialkali-
promoted systems was less pronounced,
and its surface concentration was equal to
or slightly smaller than the loading value. On
the other hand, the surface concentration of
Na or Cs in these systems was higher than
those corresponding to their loading values,
and the total surface concentration of Na
plus Cs was twice as high than that in the
respective monoalkali-promoted systems
for the same total molar loading. More im-
portantly, after the catalytic reaction the
surface concentration of Na and Cs, particu-
larly of Na, significantly increased, in con-
trast to Li, which completely disappeared
from the catalyst surface as in the Li-pro-
moted MgO (Table 6).

DISCUSSION
Catalytic Performance

The present results demonstrate that
upon promoting MgO (prepared via the
sol-gel process or obtained commercially)
with bialkali metal compounds, more active,
selective and stable with time-on-stream
catalysts than any monoalkali-compound-
promoted MgO or pure MgO are obtained
in the oxidative methylation of toluene with
methane. Depending upon the nature of the

promoter compounds forming the pair, the
concentrations of the alkali ions and the re-
action conditions, a noticeable improve-
ment in the total Cg-yield (ethylbenzene and
styrene) is obtained, which remains almost
unchanged for a period of 60 h. The most
effective catalytic systems are obtained with
the bialkali metal compounds of LiA +
NaA, LiA + CsA, KA + CsA, or NaA +
CsA (A = SOi7, OH", ClI", CH,CO0",
CO3%~, or NOj) containing an appropriate
alkali loading (total 10 mol%) at 750°C (Ta-
bles 2—4). The nature of the cations forming
the pairs exerts more influence on the cata-
lyst performance than the anions associated
with the cations. The four abovementioned
pairs originating even from the least active
anionic precursors (nitrates) show quite ap-
preciable Cg-yields (15-16%). A similar ef-
fect was observed in the oxidative coupling
of methane to C,-hydrocarbons (23). It is
apparent that while the anions play a part,
their role is secondary. In fact, after calcina-
tion, the MgO-supported alkali compounds
are converted into the corresponding alkali
oxides, as evidenced by the absence of even
traces of chlorine, sulfur, or nitrogen in the
samples investigated by XPS. Thus, the na-
ture of the alkali compounds forming the
pair, the surface concentration of the alkali
ions, and the reaction conditions are the key
factors in determining the catalytic behavior
of bialkali-promoted MgO.

The promoter effect of LiA + NaA,
LiA + CsA, KA + CsA, or NaA + CsA
(A = SO, OH", CI, CH,COO™, CO03",
or NOj) is synergistic, since individually
none of these alkali-promoted MgO exhibits
such high performances and the unsup-
ported bialkali metal compounds were un-
suitable for the high-temperature reaction.
The difference in performance is clearly not
a result of the surface area, because it was
the lowest (5-7 m?%g) for the bialkali-pro-
moted systems (Table 1). Attempts were
also made to evaluate some of the bialkali
compounds supported on a high-surface-
area MgO (160 m%g) obtained commer-
cially, but the resulting catalysts were less
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TABLE 6

Surface Composition of the Elements in the Mono- and Bialkali-Metal-Sulfate(s)-Promoted MgO
Determined by XPS®

Sample

Surface atomic ratio”

(alkali loading in mol%)

Before reaction

After reaction

Li/Mg Na/Mg Cs/Mg Li/Mg Na/Mg Cs/Mg
10% Li*/MgO 0.01 — — 0.00 — —
10% Na*/MgO — 0.08 — — 0.10 —
109 Cs*/MgO —_ — 0.07 —_ — 0.10
(5% Li* + 5%Na")/MgO 0.06 0.09 — 0.00 0.38 —
(5% Li* + 5%Cs*)/MgO 0.05 — 0.08 0.00 —_ 0.28
(5% Na* + 5%Cs*)/MgO — 0.07 0.09 — 0.68 0.34

Note. All samples were calcined before reaction at 750°C, 15 h.
4 For determining the binding energy of the elements, the value C 1s = 285.0 eV was used as a reference.
b Calculated from the atomic concentration determined by

_ LSS,
YA

where [ is the relative peak area of photoelectrons from element x and S, is the atomic sensitivity factor.

effective. We observed a similar phenome-
non while investigating these catalysts for
the oxidative coupling of methane to C, hy-
drocarbons (23).

Effects of Alkali Loadings and the
Operating Conditions

It was found that the best performances
are exhibited by the bialkali promoted sys-
tems containing 5 or 10 mol% loading of
each (Fig. 2). This indicates that such load-
ings are sufficient to generate active cata-
lytic sites for the oxidative methylation of
toluene. Further increases in the bialkali
loadings decrease the performances, pre-
sumably because a too-large fraction of the
MgO is covered. The striking differences
between the mono- and bialkali-promoted
MgO is not due to a loading effect, since the
monoalkali-promoted MgO failed to show
any comparable performance even at an al-
kali loading of 20 mol%.

The effects of the operating conditions
(temperature, contact time, partial pres-
sures of the reactants, etc.) on the perfor-

mances of the mono- and bialkali-promoted
MgO systems may allow us to propose pos-
sible routes for benzene, ethylbenzene, sty-
rene, and carbon oxide formation (the main
products observed in the present study).
The reaction intermediates for the oxidative
methylation of toluene with methane are hy-
pothesized to be benzyl and methyl radicals,
respectively (7). Based on this hypothesis,
Otsuka et al. (17) have proposed the follow-

ing mechanism:
0, AL
O Lo [O @

CH3 'CHZ/
a@_ %

CZHS - 2—» C'ZHH

Hence, in the presence of the catalyst and
of a small amount of oxygen, benzyl and
methyl radicals are formed by the abstrac-
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tion of hydrogens followed by their cross-
coupling to form a new C-C bond of ethyl-
benzene, which is partially dehydrogenated
to styrene (C=C bond). Benzene is formed
via the cleavage of C-C bond in the benzyl
radical. A similar mechanism is likely to be
valid in the present study also.

In the present study the effect of reaction
temperature (Fig. 3) showed that even at a
low temperature (650°C) a fairly high tolu-
ene conversion (~20 mol%) but a low Cy-
yield (~4%) and some stilbene were ob-
tained over the bialkali-promoted MgO.
This is related to the possibility that even
at such a low temperature the benzyl radical
is formed but the methyl radical is not
readily formed, and as a result the cross-
coupling of the two radicals (benzyl and
methyl) is less probable than the coupling
of two benzyl radicals. The observation that
with the increase in temperature the Cg-se-
lectivity and Cg-yield pass through maxima
at 750°C followed by a decrease indicates
that at higher temperatures (>750°C) the
cross-coupling of the radicals is less facili-
tated than their oxidation to carbon oxides
and water. A similar observation was made
by Suzuki et al. (16) over different catalysts.

The effect of the pseudocontact time on
the product selectivity and yield may indi-
cate the possible reaction path. The yields
of benzene, ethylbenzene, carbon oxides,
and C,, compounds increase proportionally
at short contact time (low catalyst content)
but at long contact times (high catalyst con-
tents) all the yields decrease except that of
carbon oxides (Fig. 4), which becomes the
dominant product. It suggests that those
products are formed in a parallel manner
up to a certain contact time and at longer
residence times in the catalyst bed the prod-
ucts are more prone to oxidation, particu-
larly over the monoalkali-promoted systems
than the bialkali-promoted MgO. This im-
plies that, although the mechanism of prod-
uct formations over both kinds of systems is
apparently the same, the bialkali-promoted
systems exhibit better performances than
the monoalkali-promoted systems due to

some intrinsic properties (such as basicity,
as discussed below).

Substantial coke formation was observed
on both the mono- or bialkali-promoted
MgO, particularly during prolonged opera-
tions and on the latter systems. In spite of
this coke deposition, the selectivity to sty-
rene continuously increases, while that to
ethylbenzene decreases. Such an observa-
tion may suggest that coke deposition on
the catalyst may be beneficial for the forma-
tion of styrene from ethylbenzene. This is
consistent with an earlier finding (30) that
coke formation on alumina catalysts is the
active catalytic material for oxydehydro-
genation of ethylbenzene to styrene.

The partial pressure of methane in the
feedstock was much larger than that of the
other reactants and its increase (up to 368
Torr) enhances the Cg-selectivity and C,-
yield (Fig. 6), indicating that the increase of
methyl radicals facilitates the combination
with the benzyl radicals up to certain partial
pressure of methane. The increase in the
partial pressure of toluene (up to 25 Torr) is
expected to enhance the formation of benzyl
radicals, thus increasing the toluene conver-
sion and Cg-selectivity and ultimately Cg-
yield. While the toluene conversion contin-
ues to increase, the Cy-selectivity passes
through a maximum, which may be due to
some decrease in the combination between
the benzyl and methyl radicals and an in-
crease in the oxidation of toluene.

Unlike the methane and toluene conver-
sions, the oxygen conversion was very high
(>97 mol%) at any partial pressure over any
catalyst, and this is in agreement with the
findings of other groups (16, 18). The lower
conversion of methane than that of toluene
may be related to the fact that the main part
of the converted oxygen is used for toluene
oxidation rather than activating the catalyst
for methyl radical generation. With the in-
crease in oxygen partial pressure (up to 72.5
Torr), the toluene conversion increases but
the Cg-selectivity passes through a maxi-
mum at Py, = 72.5 Torr followed by a de-
crease. This happens because too much ox-
ygen oxidizes the reaction intermediates
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and/or the Cg-products. Although the oxy-
gen conversions are very high (>97 mol%)
regardless of its partial pressure, we believe
that the reaction conditions are outside the
range of oxygen-limited conditions, because
in the absence of any catalyst the oxygen
conversion is much lower and the toluene
conversion and the Cg-selectivity are very
low.

Influence of the Basicity and Surface
Concentration of Alkali

Although the striking differences ob-
served between the mono- and bialkali-pro-
moted MgO or among the various bialkali-
promoted MgO systems could not be fully
elucidated, it is evident that the systems
possessing a higher basicity exhibit higher
performances in the oxidative methylation
of toluene. Indeed, high basicity was ob-
served for some bialkali metal sulfates pro-
moted MgO systems: (5 mol% Li* + 5
mol% Na*)/MgO, (5§ mol% Li™ + 5 mol%
Cs*)/MgO, (5 mol% Na* + 5 mol% K*)/
MgO, and (5 mol% Na* + 5 mol% Cs*)/
MgO (Table 5 and Fig. 9). Because of their
high basicity, these four catalysts can be
considered as superbases, as already noted
in the Results section. This is consistent
with our previous findings of superbasicity
with the bialkali-metal-chloride-promoted
MgO used in the oxidative coupling of
methane (23). The latter four catalysts
exhibit significant performances in the oxi-
dative methylation of toluene, but to a
lesser extent than the sulfate or hydroxide
precursors.

The mechanism of formation of superba-
sicity when MgO is promoted with certain
bialkali metal compounds is less clear than
its influence on the oxidative methylation of
toluene or the oxidative coupling of meth-
ane. Although this phenomenon was first
observed (27) some 15 years ago over Al,O,
or MgO, it is still far from clear. As sug-
gested by Malinowskii et al. (20), the depo-
sition of alkali metal ions onto MgO surface
involves their interaction with the surface
electron acceptor centers, such as the anion

vacancies or the holes trapped on oxygen
anions near the cation vacancies. The inter-
action between the alkali metal ions and the
holes trapped on oxygen anions would give
rise to electron pair donating sites, i.e., ba-
sicity of the surface. In the bialkali-metal-
ion-promoted MgO, the number of basic
sites is greater than in the monoalkali-
promoted MgO because of the higher con-
centration of the alkali on the surface for
the same molar loading. As a result, the
amount of surface lattice oxygen (O?") hav-
ing nucleophilic character (33) is also larger.
Such lattice oxygen (0?) sites facilitate the
abstraction of hydrogen from both methane
and toluene.

The concentration of the alkali elements
(Na and Cs) in the surface layer was much
higher in the (Na* + Cs*)/MgO (prepared
from the chloride precursors) than in the
respective monoalkali promoted MgQO, par-
ticularly after 60 h of operation of oxidative
coupling of methane. We suggested (23) that
the high basicity is a result of the high en-
richment of the surface layer with alkali
ions. In the present study we observed a
similar enrichment with the alkali (Na*™ and
Cs™) ions in the bialkali systems prepared
from the sulfate precursors (Table 6). We
are tempted to believe that the higher en-
richment in the bialkali-promoted systems
contributes to the noticeable performance
for Cs-selectivity and stability with time-on-
stream. Probably that new basic sites are
generated which compensate for those lost
due to aging (sintering, etc.). This may occur
because the high concentrations of the pro-
moting ions can generate new basic sites on
the surface, The concentration of alkali ions
in the surface layer for monoalkali-pro-
moted systems is much lower, and this may
explain why the activity and selectivity de-
crease in such cases with time. The some-
what lower performances and stability of
the Li-containing bialkali systems could be
attributed to the loss of the surface Li during
the calcination and also during the reaction
(as observed by XPS). It appears that the
bialkali ions whose ionic radii are very dif-
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ferent and which are less volatile, such as
Na* + Cs™, form the most effective catalytic
systems. This probably occurs because it is
more likely for small ions to find free space
on the surface among the large ions and thus
the surface to become more fully occupied.
This enrichment of the surface takes place
because it decreases the surface free energy
of the system. Our experiments have also
shown that while the surface concentration
of bialkali ions (determined by XPS) in-
creases during the catalytic reaction, the ba-
sicity and the base strength distribution re-
main almost the same. This is probably due
to the fact that XPS provides the concentra-
tionin alayer of about 107 A, while the basic-
ity measurements provide the concentration
in a much thinner surface layer.

CONCLUSIONS

The following conclusions can be drawn
from the present study on the effect of su-
perbasic catalysts prepared by promoting
MgO with the bialkali metal compounds on
the oxidative methylation of toluene:

(1) A new class of highly basic (superba-
sic) catalysts, prepared by promoting MgO
with various binary alkali metal compounds,
such as LiA + NaA, LiA + CsA, KA +
CsA, or NaA + CsA (A = SO}~,0OH, CI",
CH,COO™, CO3™, or NO3), is found to ex-
hibit a synergistic effect in the selective for-
mation of styrene and ethylbenzene via the
oxidative methylation of toluene with meth-
ane. The most effective systems are ob-
tained from SO, OH ™, and C1™ precursors.
Any system containing a rubidium com-
pound was less effective.

(2) The catalytic performances of the bi-
alkali-metal-compounds-promoted MgO are
significantly higher than those over any
monoalkali-promoted MgO. Moreover, the
stability with time-on-stream over the bial-
kali-promoted systems is much higher than
over the monoalkali-promoted ones. The
best catalytic performance is obtained over
(5mol% Na* + 5 mol% Cs*)/MgO (prepared
from the sulfate precursors), which exhibits
a total Cy-yield of 24.2% (styrene/ethylben-

zene = 1.6) compared to 11.6 and 10.8%
over 5 mol% Na*/MgO and 5 mol% Cs*/
MgO, respectively, at 750°C.

(3) The nature of the alkali compounds
forming the pair, the concentration of the
alkali promoters, and the reaction condi-
tions are the key factors in determining the
effectiveness of the systems. The influence
of the alkali cations forming the pair is more
pronounced than that of the anions associ-
ated with the alkali cations.

(4) The relatively high activity, selectiv-
ity, and stability with time-on-stream ob-
served over the bialkali-promoted catalysts
are attributed to the superbasicity of the re-
sulting catalysts. The superbasicity of the
bialkali-promoted systems is presumably
due to the significant enrichment of the cata-
lyst surface with the alkali ions, the pres-
ence of a second alkali enhancing the en-
richment.

(5) A significant amount of Li* or Rb™*
is lost from the catalysts containing these
elements during calcination and the cata-
lytic reaction, unlike Na*, K*, or Cs™. In
spite of the loss, the Li*-containing bialkali-
promoted MgO showed high Cg-selectivity
and stability with time-on-stream, unlike
any Rb*-containing sample.
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