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Upon promoting ZrQO, with alkali metal compounds (chlorides, nitrates, carbonates, or acetates),
effective catalytic systems are obtained which are more active, selective, and stable with time-on-
stream than unpromoted ZrQ, or unsupported promoter compounds at 750°C, PCH = 243.2 Torr,
CH,/0, = 4, and a space velocity of 7500 cm® g=! h~'. The performance of the catalysts is found
to strongly depend on the nature of the alkali salt, the promoter content, the method of catalyst
preparation, and the reaction conditions (temperature, partial pressures, CH,/O, ratio, and contact
time). The most effective catalytic system is obtained with Na*-Zr0O,-CI" prepared via the sol-gel
method, which leads to a methane conversion of 13.8 mol%, total C, selectivity of 77 mol% (C,
yield 10.6%), and an ethylene-to-ethane ratio of 3.3 for at least 30 h under the aforementioned
conditions and atmospheric pressure. Addition of carbon tetrachloride as a source of chlorine
species to the feedstream improves the performance of the catalyst and its stability with time-on-
stream. In the latter case, a CH, conversion of 22.0% and a C, yield of 17.5% with a C,H,/C,H,
molar ratio of 2.7 are obtained at a space velocity of 3750 cm® g~' h™'. In contrast, Na™ -ZrQ,—Cl~
prepared via impregnation, gel-precipitation, physical mixing, or ion-exchange, and the Li-, K-,
Rb-, or CsCl-promoted ZrQ, catalysts prepared by any of the above methods, were less effective,
even upon the addition of carbon tetrachloride to the feedstream. The relatively high performance
of Na"-ZrQ,-Cl™ (sol-gel) is attributed to the incorporation of Na*Cl~ into the ZrO, matrix, the
exposure of an appreciable amount of Na* and Cl~ on the surface, and the increase in basicity
and base strength. The relationship between the catalytic performance and the physico-chemical
characteristics of the catalysts revealed by XRD, XPS, and basicity (stepwise thermal desorption

of CO,) measurements is explored.

INTRODUCTION

During the past few years, an intensive
search for effective catalysts for the oxida-
tive coupling of methane (OCM) to C, hy-
drocarbons has shown that this important
reaction occurs over many different types
of catalysts, such as alkali and alkaline-earth
metal compounds (/-7), rare-earth oxides
(8—11), metal chlorides (/2-14), oxychlor-
ides (I15-17), transition metal oxides
(18-22), and many other different solid ma-
terials (23, 24). The oxides of the transition
metals are generally more effective for the
nonselective oxidation to the carbon oxides
than for the selective oxidation to C, hydro-
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carbons. However, when promoted with al-
kali, or alkaline-earth metal oxides, halides,
and oxyanions (such as phosphate), or pres-
ent as composite partners, or used as sup-
ports, some transition metal oxides, notably
MnO, and TiO,, exhibit a considerable ef-
fect in the OCM process (24). Thus, the
oxides of Mn, Ti, or Ni promoted with LiCl
showed a high initial selectivity to ethylene,
but this decreased sharply after 2 h of reac-
tion (25). The addition of NaCl, instead of
LiCl, to manganese oxides gave a better C,
selectivity and catalyst stability that lasted
for 8 h (/8). When TiO, or ZrO, was used as
a support for PbO (26, 27), the C, selectivity
was much better than that over other sup-
ports.

Zirconium oxide is of interest both as a
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support and a catalyst for a number of reac-
tions (28-29). It has been reported (29) that
a unique kind of interaction between the
ZrO, support and the active phase gives rise
to a specific activity and selectivity pattern.
ZrO, surfaces possess both acidic and basic
sites, as well as reducing and oxidizing abili-
ties. Its acid and base strengths are weaker
than those of TiO,. The acidity and basicity
of the catalysts and the supports are im-
portant factors in the selectivity of the cou-
pling reaction (24). Usually, oxidative cou-
pling catalysts operate at high temperatures
(>700°C). Under such conditions, the acidic
catalysts are effective for catalyzing oxida-
tion of methane to carbon oxides. High C,
selectivities are generally obtained with ba-
sic or less acidic supports. However, there
exists the possibility of an involvement of
an acid-base pair on the surface of rare-
earth metal oxides in the abstraction of the
H-atom from adsorbed methane (30).
Alkali-metal-halide-promoted TiO, showed
some interesting results in the OCM process
(25). This has stimulated us to investigate if
alkali-compounds-promoted ZrQ, are also
effective in the OCM reaction. In the pres-
ent work, we report on the catalytic perfor-
mance of a number of alkali (chlorides, car-
bonates, nitrates, or acetates) promoted
Zr0O, in the OCM process. The effects of
catalyst preparation procedure, the nature
of the promoter compound used in the prep-
aration of the promoted ZrQ,, the reaction
conditions (temperature, partial pressures
of CH, and O,, contact time, CH,/O, molar
ratio, etc.), and the physical properties of
the systems on the catalyst performance are
presented. In addition, the influence of car-
bon tetrachloride (CTC) in the feedstream
is examined. The addition of carbon tetra-
chloride to the feed-stream of OCM over
Si10,-supported alkali oxides was found to
be beneficial in the recent study (3/), but
the long-term effect of such an addition
was not studied. Although the methane
conversion and the C, selectivity are gener-
ally increased in the presence of CTC, the
extent of the increase is shown to be
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very much dependent on the nature of the
promoter present in the promoted zirconia
catalyst. We show that the Na*Cl -pro-
moted ZrO,, prepared via the sol-gel
method, behaves as an effective system for
the OCM process.

EXPERIMENTAL
Catalyst Preparation

Aldrich supplied powdered ZrO, (99% pu-
rity), TiO, (99%), MgO (99+%), high-sur-
face-area Si0O, (grade 951), ZrO(NO;), -« x
H,0 (96%), Zr(OC,H;s), (97%), alkali metal
chlorides (99%), nitrates (99%), carbonates
(99%), acetates (99%), NH,CI, CCl,,
C,H;OH, and double-distilled H,O were
used as reagents. The catalysts were pre-
pared by impregnation of ZrO, with an aque-
ous solution of alkali metal chloride, nitrate,
carbonate, or acetate at 80—85°C followed
by drying overnight at 120°C, calcination in
air at 750°C for 15 h, powdering, pressing,
and crushing to 80-mesh particle sizes. In
addition, the alkali-metal-chloride-promoted
zirconia catalysts were prepared by four
other methods: (i) gel-precipitation, (ii)
physical mixing, (iii) ion-exchange, and (iv)
sol-gel. The initial content of alkali metal
chloride used in the preparation of the cata-
lyst was 20 mol%. No attempt was made to
analyze the elemental composition of the
prepared catalysts. )

In the gel-precipitation method, an aque-
ous solution of NaCi was added to a solution
of zirconyl nitrate having a pH of 4-5. To
this mixture, a solution of Na,CO; was intro-
duced dropwise under vigorous stirring.
This was followed by filtering, washing, dry-
ing, and calcination. The final yield was
90%. The physical mixing method com-
prised grinding an appropriate amount of
powdered NaCl and ZrO, followed by press-
ing, crushing, sieving, and calcination as
above. In the ion-exchange method, which
is similar to that reported in Ref. (32), the
catalysts were prepared starting from an
aqueous slurry which contained ZrO,,
NaNO;, and NH,CI followed by drying,
calcination, powdering, pressing, and crush-
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ing as above. The latter catalyst is denoted
Na*-ZrO,-Cl~ (i-e). In the sol-gel proce-
dure, which is similar to that employed re-
cently for the preparation of MgO and
Li*—MgO-Cl~ (33, 34), a slurry of zirco-
nium ethoxide in ethanol was prepared in
the presence of carbon tetrachloride, re-
sulting in the incorporation of chlorine into
the alkoxide. To the alkoxide slurry, NaNO;
in carbon tetrachloride was added, and the
resulting mixture was refluxed at 40°C fol-
lowed by dropwise addition of distilled wa-
ter. The resulting gel was separated by evap-
orating the solvent in a vacuum oven
followed by drying and calcination as
above. The resulting catalyst is denoted
Na*-ZrO,-CI~ (s—g). The incorporation of
chlorine into ZrO, surface, both in the ion-
exchange and sol-gel methods, was con-
firmed by XPS.

Catalyst Screening and Product Analysis

The methane coupling reactions were per-
formed at 650-800°C under atmospheric
pressure by cofeeding the reaction gases
(Pcy, = 243.2, Pg, = 60.8, Py, = 456.0 Torr,
and CH,/O, = 4) into a high-purity alumina
tube reactor heated by a single zone electric
furnace. The details have been reported pre-
viously (35). The total gas flow was 25 ml/
min (NTP), giving rise to a space velocity of
7500cm’*g 'h~'. In some of the runs, carbon
tetrachloride (CTC) was introduced into the
feedstream by bubbling a separate flow of
helium through CCl, held at —40°C. The va-
por pressure (10 Torr) of the additive was
achieved by maintaining the temperature of
the container at —40°C. Under the condi-
tions employed, the purely homogeneous
gas phase reactions produced less than 1%
methane conversion. The product effluents,
after separated from water, were sampled
on-line using an automatic 10-port sampling
valve and analyzed simultancously with a
dual detector (TCD and FID) GC (PE Sigma
2000) fitted with three different columns and
attached to a PE 3600 data station. A Chro-
mosorb 102 column (6 ft X % in, 25° isother-
mal) was used to analyze O,, CH,, CO,,
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C,H,, C,H, and residual H,O (if any), a
molecular sieve 5A column (6 ft X § in, 25°
isothermal) to separate O,, N,, CH,, and
CO, and a Porapak T column (6 ft X } in,
programmed 25-140°C) to analyze CH,,
C,H,, C,H,, and C; hydrocarbons. Nitrogen
was used as an internal standard. The re-
sponse factors for the reactants and prod-
ucts were determined using certified calibra-
tion gases (Linde Division). The carbon
mass balance was better than 95% in all ex-
periments. No attempt was made to check
the oxygen mass balance because of the con-
densation of H,O before reaching the GC.

Catalyst Characterization

The catalysts were characterized by sur-
face area measurements (BET method),
X-ray diffraction analysis (XRD), X-ray
photoelectron spectroscopy (XPS), and ba-
sicity/base strength distribution (stepwise
thermal desorption of CO,). The details of
the XRD and the XPS methods have been
described previously (35). The surface area
of the samples was determined by the BET
method using adsorption of nitrogen (gas) at
liquid nitrogen temperature (Micromeritics
2100D). The basicity and base strength dis-
tribution on some selected catalysts (cal-
cined in situ at 850°C in a flow of helium
for 15 h) were determined by the stepwise
thermal desorption (STD) of CO, with
evolved gas analysis by a GC-MS according
to a described method (30). The STD of
CO, was carried out by desorbing the CO,
chemisorbed at 50°C on the catalyst (1.0 g
packed in an alumina reactor) in the flow of
He (20 cm®/min) by heating it from 50 to
850°C in a number of successive tem-
perature steps (50-150°C, 150-300°C,
300-500°C, 500-700°C, and 700-850°C) at
a heating rate of 10°C per min. When the
maximum temperature of the respective
step was attained, it was held at that temper-
ature until no additional CO, desorbed
(about 15 min). The chemisorption of high
purity CO, (99.995%) was carried out by
injecting successive pulses of 100 ul through
a 6-port sampling valve until saturation of
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the surface was achieved. The amount of
CO, desorbed in each step was determined
using a TC detector suitably calibrated. A
known amount of La,0, was used for cali-
bration by comparing the results with re-
ported values (30).

RESULTS
Catalytic Performance

The major products of catalytic methane
coupling were C,H,, C.H,, CO,, CO, and
H,0. In the presence of CTC, in addition to
those products some C; hydrocarbons and
CH,CI were detected. Pure ZrO, has a low
activity for methane (conversion 2.4%), the
carbon oxides (selectivity 829) being the
dominant products. When ZrQO, is promoted
with alkali metal compounds (chlorides, car-
bonates, nitrates or acetates), both the CH,
and O, conversions are noticeably increased
(Table 1). The C, selectivities and ethylene-
to-ethane ratios, however, depend on the
nature of the promoter compound. The Na-
containing promoters produced the best sys-
tems followed by those of Li, while the K-,
Rb-, and Cs-containing promoters showed
low performances. In general, the alkali-
metal-chloride-promoted ZrO, catalysts
were better than the carbonate-, nitrate-,
or acetate-promoted catalysts in terms of
methane conversion, C, selectivity and, par-
ticularly, ethylene-to-ethane molar ratio. Of
all the alkali-metal-chloride-promoted cata-
lysts, prepared via impregnation, only
Na'Cl -promoted ZrO, showed a notice-
able C, selectivity (60%) with a high ethyl-
ene-to-ethane ratio (2.2). For this reason,
the performance of Na"-ZrO,-Cl~ (impreg-
nation) was compared with those of
Na*-MgO-Cl-, Na'-SiO0,-Cl~, and
Na*-TiO,-Cl~, prepared via impregnation,
and the results are presented in Table 2. The
methane conversions over Na*-Zr0O,-CI~
and Na®-MgO-Cl™ are comparable, but the
C, selectivity is somewhat higher over the
former catalyst. This makes the C, yield
higher over Na'-ZrO,-Cl~ than over
Na*-MgO-Cl~. The ethylene-to-ethane ra-
tio is also higher over the former cata-
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lyst than over the latter one. Under the
same conditions, the performances of
Na*-Si0,—-Cl™ and Na -TiO,-Cl~ were
very low, although their surface areas were
much higher than that of Na*-ZrOQ,-Cl™
(Table 2).

Once the suitability of the alkali-metal-
chloride-promoted ZrO, catalysts was es-
tablished, they were prepared by five differ-
ent methods. The catalytic results obtained
are presented in Table 3. The highest CH,
conversion, C, selectivity, C, yield, and eth-
ylene-to-ethane ratio were obtained over the
catalysts prepared by the sol-gel method.
Thus, after | h of reaction, the CH, conver-
sion over Na*-ZrO,-Cl~ (s—g) was 13.8
mol%, C, selectivity 77.0 mol%, C, vyield
10.6%, and the ethylene-to-ethane ratio 3.3.
These are the highest values ever reported
for any ZrO,-containing catalyst in the
OCM process. The performances of
Na*"-ZrO,-Cl" prepared via impregnation,
gel-precipitation, mixing, or ion-exchange
were close to each other and much lower
than that of the sol-gel process. Particu-
larly, the C, yield was less than half that
of the sol-gel method. The surface area of
Na™-ZrO,—Cl~ (s—g) was somewhat higher
than those prepared in the other procedures,
but close to that of ZrO,. Under the same
conditions, Li"-ZrO,-CI~, K'-ZrO,-Cl",
Rb"-ZrO,-Cl", and Cs*-ZrO,-Cl~ (also
prepared via the sol-gel method) showed
lower CH, conversion and, most notably,
much lower C, selectivity, C, yield, and eth-
ylene-to-ethane ratio than those over
Na“-ZrO,-Cl™ (s-g) (Table 3).

Since Na"-ZrO,-Cl~ prepared via the
sol-gel method was found to be the most
effective catalyst, further investigation was
concentrated on this catalyst. Figure 1 illus-
trates the effect of the reaction temperature
{650-800°C) on the oxidative coupling over
Na*-Zr0,-Cl~ (s-g). With the increase in
temperature, both the CH, and O, conver-
sions increase, but the C, selectivity passes
through a maximum at 750°C with an ethyl-
ene-to-ethane molar ratio of 3.3, whereas
that to CO(x = 1, 2) starts rising above
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TABLE |

Surface Area and Effect of Alkali-Metal-Compound-Promoted Zirconia Prepared via an
Impregnation Method on the OCM

Catalyst Surface  Conversion (mol%) Selectivity {(mol%;) C; Yield  Ethylene/
area (%) ethane
(m*/g) Methane Oxygen  Ethane Ethylene Carbon molar ratio
oxides
ZrO, 8.6 24 28.0 14.6 34 82.0 0.43 0.23
Na Cl” 2.2 2.9 30.0 11.0 13.0 76.0 0.70 1.18
Li*-ZrO,-CI” 4.4 4.8 39.2 14.0 18.0 68.0 1.53 1.28
Na -ZrO,-Cl~ 4.8 8.7 45.0 19.0 41.0 40.0 5.22 2.15
K -ZrO,-CI” 4.0 4.8 41.0 13.0 15.0 72.0 1.34 1.15
Rb™-Zr0,-Cl~ 5.8 4.2 38.0 13.0 14.0 73.0 1.13 1.07
Cs'-Zr0,-C1~ 6.5 5.0 40.0 14.0 16.0 70.0 1.50 1.14
Li'-ZrO,—COy 4.2 4.6 44.0 18.0 13.0 69.0 1.42 0.72
Na'-Zr0,-CO;7 4.5 8.2 50.0 31.0 24.0 45.0 4.51 0.77
K™ -ZrO,-COy 4.8 4.4 48.0 17.0 9.0 74.0 1.14 0.52
Rb " -Zr0,-CO;y 5.2 4.2 46.0 16.0 9.0 75.0 1.05 0.56
Cs -Zr0,-COy 5.0 4.6 48.0 18.0 10.0 72.0 1.28 0.55
Li'-ZrO,—NO; 4.5 5.0 46.0 20.0 12.0 68.0 1.60 0.60
Na'-Zr0Q,-NOy 5.2 8.5 55.4 31.0 21.0 48.0 4.42 0.67
K'-ZrO,-NOy 5.4 4.7 50.2 21.0 10.0 69.0 1.45 0.47
Rb*-ZrQ,-NO;y 4.6 4.8 45.8 18.0 10.0 72.0 1.34 0.55
Cs*-Zr0,-NO7y 5.4 5.5 48.0 19.0 12.0 69.0 1.70 0.63
Li -ZrO,-Ac” 5.0 4.9 48.4 17.0 13.0 70.0 1.47 0.76
Na'-ZrO,-Ac” 5.4 8.6 33.2 310 24.0 45.0 4.73 0.77
K'-ZrO,-Ac” 4.9 4.8 47.0 18.0 11.0 71.0 1.39 0.61
Rb'-Zr0Q,-Ac” 5.3 4.3 48.0 17.0 12.0 71.0 1.24 0.70
Cs'-ZrO,-Ac” 5.5 5.2 50.8 16.0 11.0 73.0 1.40 0.68

Note. Reaction conditions: temperature = 750°C, pressure = 1 atm, space velocity = 7500 cm® g™! h™',
PCH4 = 243.2 Torr, CH,/O, = 4, and catalyst = 0.2 g: products measured after 1 h of reaction.

TABLE 2

Oxidative Coupling of Methane over Na"Cl -promoted Different Oxides Prepared via an Impregnation Method
and Their Surface Areas

Catalyst Surface  Conversion (mol%) Selectivity (mol%) C; Yield Ethylene/
area (%) ethane
(m¥/g) Methane Oxygen  Ethane  Ethylene Carbon molar ratio
oxides
Na*-ZrO,-CI~ 4.8 8.7 45.0 19.0 41.0 40.0 5.22 2.15
Na*'-MgO-Cl~ 9.6 8.9 52.0 18.0 30.0 52.0 4.27 1.66
Na'-Si0,~CI~ 360.0 33 41.2 14.0 16.0 70.0 1.00 1.14
Na~-TiO,-Cl™ 26.5 4.8 428 17.0 28.0 55.0 2.16 1.64

Note. Reaction conditions: as in Table 1; products measured after 1 h of reaction.



OCM OVER ALKALI-METAL-COMPOUND-PROMOTED Zr CATALYSTS

309

TABLE 3

Effect of Preparation Method of Alkali Metal Chloride Promoted Zirconia on the OCM
and the Surface Area of the Catalysis

Catalyst Surface  Conversion (mol%) Selectivity (mol%) C; Yield Ethylene/
area (%) ethane
(m*/g) Methane Oxygen  Ethane Ethylene  Carbon molar ratio
oxides
Sol—gel
Li -ZrO,—Cl” 5.2 9.6 50.0 16.0 33.0 51.0 4.70 2.06
Na’ -ZrO,-CI~ 7.8 13.8 58.8 18.0 59.0 23.0 10.62 3.27
K -ZrO,-Cl” 5.8 7.0 51.0 14.2 20.0 65.8 2.40 1.42
Rb ™ -ZrO,-CI” 5.6 6.2 44.0 14.0 15.2 70.6 1.81 1.08
Cs™~Zr0,-ClI” 7.0 6.8 50.4 13.0 20.0 67.0 2.24 1.53
Impregnation
Li"-ZrO,~-CI~ 4.4 4.8 39.2 14.0 18.0 68.0 1.53 1.28
Na -ZrO,-CI” 4.8 8.7 45.0 [9.0 41.0 40.0 5.22 2.18
K -ZrO,-Cl~ 4.0 4.8 41.0 13.0 15.0 72.0 1.34 1.15
Rb"-ZrO,-CI” 5.8 4.2 38.0 13.0 14.0 73.0 1.13 1.07
Cs™~Zr0O,-Cl~ 6.5 5.0 40.0 14.0 16.0 70.0 1.50 1.14
Gel-precipitation
Li"-ZrO,-Cl~ 5.0 6.4 44.0 16.0 22.0 62.0 2.43 1.37
Na -ZrO,-CI~ 4.2 8.8 48.8 14.0 41.0 45.0 4.84 2.92
K -ZrO,-CI™ 4.6 6.9 42.4 15.0 18.0 67.0 2.27 1.20
Rb"-ZrO,-CI” 5.2 5.0 42.0 16.0 16.0 68.0 1.60 1.00
Cs™~Zr0,-Cl” 4.2 6.2 45.4 16.0 19.0 65.0 2.17 1.30
Physical mixing
Li" ~ZrO,-CI~ 3.8 34 34.0 14.0 16.0 70.0 1.02 1.14
Na -ZrO,-C\~ 4.5 7.8 49.0 15.0 35.0 50.0 3.90 2.33
K -ZrO,-Cl” 4.2 4.0 40.8 14.0 17.0 69.0 1.24 1.21
Rb -Zr0,-CI” 5.0 38 38.0 13.0 15.0 72.0 1.06 1.15
Cs =ZrO,-Cl’ 49 4.8 42.0 14.0 220 64.0 1.72 1.57
Ion-exchange

Li"-ZrO,-Ci~ 5.4 4.0 41.4 17.0 23.0 60.0 [.60 1.35
Na -ZrO,-Cl~ 6.4 8.2 45.0 19.0 46.0 35.0 5.33 2.42
K™ -ZrO,-Cl” 6.8 4.2 41.0 15.0 19.0 66.0 1.42 1.26
Rb " -ZrO.-Cl” 7.4 4.8 40.2 13.0 17.0 70.0 1.44 1.30
Cs ~Zr0,-CI” 7.0 4.9 42.0 15.0 17.0 68.0 1.56 1.13

Note. Reaction conditions: as in Table 1: products measured after 1 h of reaction.

750°C (Fig. 1a). In the presence of CTC in
the feedstream, both the CH, conversion
and C, selectivity increase further. The
highest C, yield (15.6%) was obtained, how-
ever, at 750°C due to the highest C, selectiv-
ity (Fig. 1b).

Figure 2 shows the effect of promoter con-
tent (Na“Cl™) on the OCM over promoted
Zr0, at 750°C. The highest CH, conversion
(13.8%) and C, selectivity (77%) were ob-
tained over 20 mol% Na*Cl~ promoted ZrO,
(Fig. 2a). Further increases in Na*Cl™ com-

position decreased the CH, conversion and/
or the C, selectivity. Upon introduction of
CTC to the feedstream, both the CH, con-
version and C, selectivity increased but the
20% Na*Cl™-promoted ZrO, in the presence
of CTC remained the most effective catalyst
in terms of C, yield (15.6%) and ethylene-
to-ethane ratio (3.6) (Fig. 2b).

In order to determine the effect of the
pseudo-contact time or the reciprocal space
velocity (W/F), the amount of catalyst (W)
was varied while the flow rate (F) was held



310

24

80 T T T T

80

20

conversion

) 1 1 " 1

600 650 700 750
Temperature, C

Conversion and Selectivity, mol

800 850

KHAN AND RUCKENSTEIN

Z

80 T T

mol
o

80

20

Conversion and Selectivity,

800 650 700 750

Temperature, C

FiG. 1. Effect of reaction temperature on methane conversion (@) and selectivity to ethane (A),
ethylene (¥), and carbon oxides (W) over Na"-Zr0Q,-Cl™ (s—g). Conditions: pressure = | atm, space
velocity = 7500 cm’ g”' h™!, CH,/O, = 4, Pey, = 243.2 Torr, and catalyst = 0.2 g: (a) in the absence

of CTC and (b) in the presence of CTC.

constant. Figure 3 illustrates the effect of
the reciprocal space velocity (W/F) on the
methane and oxygen conversions and the
yields of various carbon products over
Na*~ZrO,~Cl™ (s—g) at 750°C. At a short
pseudo-contact time (low catalyst content),
the total C, yield (Fig. 3a) is 3.5 times higher
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than that of the carbon oxides due to the
high C, selectivity. With increasing pseudo-
contact time, the total C, yield passes
through a maximum (10.6%) at W/F = 0.48
g - s/ml, whereas that of carbon oxides con-
tinues to increase. Both the methane and O,
conversions increase with W/F (Fig. 3a).
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FiG. 2. Effect of promoter content on methane conversion (@) and selectivity to ethane (A), ethylene
(), and carbon oxides () over Na’-ZrO,-CI" (s-g). Conditions: pressure = | atm, temperature =

750°C, space velocity = 7500 cm® g™t h™!, CH,/O, =

4, Pey, = 243.2 Torr, and catalyst = 0.2 g: (a) in

the absence of CTC and (b) in the presence of CTC.
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FiG. 3. Effect of reciprocal space velocity (W/F (pseudo-contact time) on conversion of methane
(#), oxygen (@), and carbon product yield of ethane (&), ethylene (¥), and carbon oxides (H) over
Na -Zr0Q,-Cl” (s—g). Conditions: pressure = | atm, temperature = 750°C, total flow = 25 ml/min
(NTP), CHy/O, = 4, Pey, = 243.2 Torr: () in the absence of CTC and (b} in the presence of CTC.

The ethylene-to-ethane ratio grows initially,
but above W/F = 0.48 g - s/ml it decreases
due to the decrease in ethylene selectivity;
the selectivity to ethane remains almost con-
stant. In the presence of CTC, the yields and
the CH, and O, conversions were somewhat
higher (Fig. 3b) than those in the absence of
CTC. The change patterns for the yields and
conversions with W/F were, however, simi-
lar to those observed in the absence of CTC.
A C,yield as high as 17.5% with an ethylene/
ethane = 2.7 was obtained at W/F = 0.96 g
- s/ml. This is the highest C, yield obtained
in the present study.

Figure 4 presents the change in selectivity
with methane conversion obtained by vary-
ing W/F. At low methane conversion
(4.5%}), the C, selectivity is quite high (78%);
it decreases noticeably with the increase in
methane conversion (Fig. 4a). The ethylene/
ethane ratio, after passing through a maxi-
mum at a conversion of 13.8 mol%, also
decreases with increasing methane conver-
sion. In the presence of CTC, a similar trend
was observed, but with enhanced values for
methane conversion and C, selectivity (Fig.
4b), the selectivity to CO, (x = 1, 2) being
somewhat lower than in Fig. 4a.

Figure 5 presents the effect of the partial
pressure of methane on methane conversion
and C, selectivity over Na'-ZrO,-Cl™ (s—g)
at 750°C while holding the partial pressure
of oxygen constant at 60.8 Torr. The partial
pressures of methane were changed such
that the methane-to-oxygen ratios varied be-
tween 1 and 8 in integer numbers. At a low
partial pressure of methane (CH,: 0, = 1),
both the methane and oxygen conversions
were quite high but the total C, selectivity
was only 3 mol% (Fig. Sa). With the increase
in the methane partial pressure (CH, : O, in-
creasing), the methane conversion de-
creases but the C, selectivity increases ac-
companied by a decrease in CO, (x = 1, 2)
selectivity. The highest C, yield (10.6%) is
obtained at a methane partial pressure of
243.2 Torr (CH4: 0O, = 4). Increasing the
methane partial pressure further decreases
the C, yield due to the drastic decrease in
methane conversion. At the highest meth-
ane partial pressure, however, the ethylene-
to-ethane molar ratio becomes as high as
3.7. In the presence of CTC in the feed-
stream, similar trends in methane conver-
sion, C, selectivity and ethylene-to-ethane
ratio were observed but with enhanced val-
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F1G. 4. Change in product selectivity with methane conversion over Na'-ZrO,-CI”~ (s-g): ethane
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ues (Fig. 5b). A C, yield as high as 15.6% is
obtained at Pcy, = 243.2 Torr (CH,: O, =
4) and P = 10 Torr.

The effect of oxygen partial pressure,
keeping the methane partial pressure con-
stant at 243.2 Torr, was also examined such
that the methane-to-oxygen ratio varied be-
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tween 16 and 1 in integer numbers (Fig. 6).
At a low partial pressure of oxygen (high
CH,: O, ratio) the methane conversion is
quite low (2.0%) but the C, selectivity is
quite high (67%), with the ethylene-to-eth-
ane ratio of 3.5 (Fig. 6a). This trend is similar
to that observed at high methane partial
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F16. 5. Effect of partial pressure of methane on methane conversion (@) and selectivity 1o ethane
(A). ethylene (¥), and carbon oxides (W) over Na"-ZrO,-Cl~ (s—g). Conditions: pressure = | atm,
temperature = 750°C, space velocity = 7500 cm® g™ ' h™!. P, = 60.8 Torr, and catalyst = 0.2 g: (a) in
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OCM OVER ALKALI-METAL-COMPOUND-PROMOTED Zr CATALYSTS 313

X 100.0 ¥ 100.0 T T T T T
2 L B T
: 0 £ I
. 80.0 | . . B0O.O «
) >
< =
> r 7 > 7
3 el
E‘j 60.0 | - { s60.0 4
I T
w - . 1z 8
T 400 4 T 40.0 i
@ s
I+ B a1, converston b o b
3 o
= 20.0 | . 7 20.0 ]
15 -
v 0
2 " 1 2 7
& oo g oo

0.0 100.0 200.0 300.0 0.0 100.0 200.0 300.0

Oxygen Partial Pressure, torr Oxygen Partial Pressure, torr

Fi1G. 6. Effect of partial pressure of oxygen on methane conversion (@) and selectivity to ethane
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temperature = 750°C, space velocity = 7500 cm*g™' h™', Pey, = 243.2 Torr, and catalyst = 0.2 g: (a)
in the absence of CTC and (b) in the presence of CTC.

pressure in Fig. 5a. With the increase in
oxygen partial pressure (lowering the meth-
ane-to-oxygen ratio), the methane conver-
sion increases, but the C, selectivity passes
through a maximum at 60.8 torr. At a high
oxygen partial pressure, although the meth-
ane conversion increases, carbon oxides be-
come the dominant products. When CTC
was added to the feedstream, similar trends
were observed but with enhanced values
(Fig. 6b). The highest C, yield (15.6%) is
obtained at P, = 60.8 Torr (CH,: O, = 4)
and Pc;c = 10 Torr.

The stability of the catalysts, prepared
via the sol-gel method, with time-on-stream
was also examined. The change in C, selec-
tivity is presented in Fig. 7. For the
Na -ZrQ,-Cl~ (s-g) catalyst, after a slight
initial decrease, the C, selectivity is main-
tained at a high level (73%) for 30 h with the
C,H,/C,H, ratio constant at 3.1 (Fig. 7a). In
contrast, other catalysts of the alkali series
have much lower initial C, selectivities and
show a noticeable decrease (around 30%) in
C, selectivity during the same period. The
C,.H,/C,H; ratio also exhibited some de-
crease. The methane conversion did not
vary much for all these catalysts (only a

variation of 5% was observed during the
same period). When CTC was added to the
feedstream, the enhanced C, selectivity
over Na"-Zr0,-Cl~ (s-g) was maintained
for a longer period (50 h) than for the other
catalysts of the alkali series (Fig. 7b).

XRD Analysis

The alkali-metal-chloride-promoted ZrO,
samples are crystalline compounds with dif-
fraction lines less intense than those of the
precursor materials. In general, the ZrO,
lines are most prominent. No separate lines
of the chlorides could be identified, perhaps
due to the overlapping of some of the strong-
est lines with those of ZrO, or due to small
crystallite sizes of the chlorides. The XRD
profiles of Na*~ZrQ,-Cl~ (36) prepared by
four different methods are presented in Fig.
8. The samples prepared by impregnation.
gel-precipitation, or ion-exchange showed
almost identical lines (Figs. 8a—8c), which
match well with those of the ZrO, (Badde-
leyite) phase (37). The sample prepared via
the sol-gel method exhibited some addi-
tional lines with d-spacing values of 5.40,
2.91, and 2.30 A (Fig. 8d) which could not
be assigned to any of the JCPDS database
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FiG. 7. Change in C, selectivity with time-on-stream over alkali metal chloride promoted zirconia
(s~g). (The numbers in parentheses represent the ethylene-to-ethane ratios.) Conditions: pressure =
1 atm, temperature = 750°C, space velocity = 7500 cm* g™' h™!, CH,/O, = 4, Py, = 243.2 Torr, and
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Cs ' =Zr0O,-Cl": (a) in the absence of CTC and (b) in the presence of CTC.

patterns for zirconium oxide, sodium chlo-
ride, or zirconium alkoxide. Presumably, a
new unknown phase is formed during the
sol-gel method. In addition, some major
lines of ZrO, are broadened to some extent
by the addition of Na"Cl™ (Fig. 8d), sug-
gesting that a certain amount of Na*Cl" is
incorporated into the ZrO, matrix. Such a
line-broadening effect was absent in the cat-
alysts prepared by the other methods.

XPS Results

The electron-binding energies of the Nals
(1072.4eV), Clls (197.0eV), Zr3d (181.7 and
184.7 eV), Ols (529.6 and 532.5¢V), and Cls
(285.0 and 289.9 eV) levels in the Na*Cl -
promoted ZrO, samples are in agreement
with the reported values (38). The Cls and
Ols spectra which have two different bind-
ing energies only in the sample prepared via
the sol-gel method provide evidence that
multiple carbon and oxygen species are
present on the surface of this catalyst. The
higher binding energy of Ols is ascribed to
the carbonate-type, whereas the lower value
to the oxide-type oxygen (35, 39). For Cls
the lower binding energy is ascribed to

graphite or hydrocarbons and the higher to
carbonates. In the samples prepared via
other methods, multiple oxygen species
were present only after reaction, but carbon
was never present in multiple states.

The surface compositions of the elements
present in Na"-ZrOQ,—Cl~ (36) prepared via
impregnation, gel-precipitation, and sol—gel
methods are presented in Table 4. The Na/
Zr and Cl/Zr ratios depend on the method
of preparation and are the largest for the
sample prepared via the sol-gel method.
Thus, the surface concentration of Na in
the calcined sample prepared via the sol-gel
method is 5-6 times greater than in those
prepared via gel-precipitation and impreg-
nation. The surface chlorine concentration
also shows a 3-4-fold increase compared
to those obtained via gel-precipitation and
impregnation. The surface sodium concen-
tration, which exceeds that of zirconium,
increases to some extent after the catalytic
reaction for Na"-ZrO,-Cl™ (s—g).

STD of CO,

The basicity possessed by and the base
strength distribution on the pure ZrQO, and
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FiG. 8. XRD patterns of Na ~ZrO,~Cl" prepared via four different methods after calcination at
750°C, 15 h: (a) impregnation, (b) gel-precipitation, (c) ion-exchange. and (d) sol-gel.

Na*-ZrO,-Cl~ prepared by five different
methods and calcined in situ at 850°C in He
flow under conditions close to those of the
catalytic reaction have been determined by
the STD of CO,. Any contribution from vol-
atile chlorine was eliminated by passing the
effluent through a heptanol-liquid N, bath
(—40°C). The base strength distribution on
ZrO, and Na™-ZrO,-Cl™ is presented in
Fig. 9. Each column represents the number
of sites measured in terms of CO, desorbed
during the corresponding temperature step.
The strength of these sites is expressed in
terms of the desorption temperature of CO,.
Evidently, pure ZrO, is an extremely weak
base, as can be seen from the small amount

of CO, chemisorbed and from its base
strength distribution, which is quite low
(Fig. 9a). This is consistent with Ref. (28)
that ZrO, is a poor base and acid. Upon
promoting ZrO, with Na"Cl™, the total ba-
sicity and base strength are noticeably in-
creased. However, this increase greatly de-
pends on the method of preparation.
Na -ZrO,—Cl~ prepared via the sol-gel
method exhibits the highest total basicity
(measured in terms of the CO, chemisorbed
at 50°C) and a broad site energy distribution
for their basic sites (Fig. 9f). The basicity
possessed by the samples prepared by the
other methods (Figs 9b-9¢) occupies an in-
termediate position between that of pure
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TABLE 4

Surface Composition of the Elements in Na"-ZrQO,-Cl~ after Calcination and Calcination
Plus Reaction Determined by XPS

Method of Pretreatment/ Surface atomic ratio®
preparation reaction conditions
Na/Zr Cl/Zr O/Zr
Gel-precipitation Calcined, 0.32 0.03 2.53
750°C, IS h
Gel-precipitation Calcined as above 0.49 0.05 4.11
+ reaction,
750°C, 30 h
Impregnation Calcined, 0.26 0.04 2.26
750°C, 15 h
Impregnation Calcined as above 0.40 0.06 3.75
+ reaction,
750°C, 30 h
Sol—gel Calcined, 1.61 0.12 4.73
750°C, 15 h
Sol-gel Calcined as above 1.90 0.17 5.1
+ reaction,
750°C, 30 h

4 Calculated from the atomic concentration given by

1

Y/Sl’

S AAS)

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

Zr0, and the sol-gel method. The promoted
Zr0,’s, however, differ from each other
widely in their total basicity and base
strength distribution.

DISCUSSION
Catalytic Performance

The present results demonstrate that, de-
pending on the nature of the promoter, the
method of catalyst preparation, and the ap-
propriate reaction conditions, ZrO, be-
comes an active, selective, and stable with
time-on-stream catalyst in the OCM pro-
cess. The most effective catalytic system in
this class (Na*-ZrO,-Cl") is obtained by
promoting ZrO, with Na"Cl~ via a sol-gel
process (Table 3). This indicates that the
nature of the alkali promoter and the method
of catalyst preparation are two key factors
in determining the catalytic behavior of pro-
moted ZrO,. In addition, the choice of ap-

propriate reaction conditions offers a con-
siderable enhancement in the performance
of the catalyst. The promoter effect of
Na"Cl™ in ZrO, prepared via the sol-gel
method is synergistic, since Na*Cl~ or ZrO,
alone exhibit only negligible performances
(Table 1). The difference in performance is
clearly not a result of surface area, since the
latter did not vary much for the pure
and the promoted ZrO,. Moreover, the
Na™-Si0,-Cl~ or Na*-TiO,~Cl~ samples
with much higher surface area showed much
lower performances than Na*-ZrO,~Cl~

(Table 2).
The observation that Li*-ZrO,-Cl-,
K"-ZrO,-Cl-, Rb*-Zr0O,-Cl-, and

Cs*=ZrO,-Cl~ (prepared via the soi-gel
method) have lower performances than
Na*-ZrO,—Cl~ (s—g) indicates the impor-
tance of the nature of the alkali cation. On
the other hand, the superior performance of
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300-500°C, (4) 500-700°C, and (5) 700-850°C.

Na*Cl -promoted ZrO, to those of
Na*NOj -, Na; CO;>-, and CH,COO " Na*-
promoted ZrO, indicates the important role
played by the anion (Ci™). This is further
evidenced by the enhancement exhibited by

Na*"-ZrO,-Cl~ (s—g) upon the addition of
carbon tetrachloride (a source of chlorine
species) to the feedstream (although the ex-
act nature of the chloride species is not yet
known). Apparently, a specific kind of inter-
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action between Na*Cl~ and ZrO, gives rise
to the enhanced performance.

It is now generally accepted that the gen-
eration of methyl radicals from methane by
the reactive oxygen species of the oxide cat-
alysts is the crucial step in the OCM process
(1,23, 24, and the references therein). In the
present study, in addition to the reactive
oxygen species there exists a considerable
amount of reactive chlorine species which
also play an important role in the process.
These active chlorine species are present in
the catalyst and are additionally produced
by the interaction of the Na*-Zr0,-Cl~ cat-
alyst with the reactants (CH, + O,) and with
CTC, when the latter is added to the feed-
stream. In the absence of the catalyst, the
addition of CTC to the feedstream has a
negligible effect. It is apparent that, in addi-
tion to oxygen, these active chlorine species
promote the generation of methyl radicals
and this, in turn, enhances the conversion
process up to a certain limit. The enhance-
ment of C, selectivity over Na*-ZrO,—-Cl~
(s—g) is possibly due to the blocking by the
chlorine species of some of the active sites
for complete oxidation to carbon oxides.
The noticeable increase in the ethylene-to-
ethane ratio in the presence of a chloride
catalyst suggests that the chlorine species
are also involved in the generation of C,H;
radicals from C,H, and ultimately of C,H,,
as already proposed for other chloride cata-
lysts (14, 35).

A major finding of the present study is
that the method of catalyst preparation
strongly influences the performance of
Na*-ZrO,-Cl~, the sol-gel method being
the most effective one (Table 3).The differ-
ent growth Kinetics (nucleation, crystal
growth, etc.) of each method is responsible
for their behavior. The uniqueness of the
sol-gel method arises, presumably, from an
intimate mixing between Na*Cl™ and ZrO,,
which is discussed later.

The effect of the operating conditions on
the performance of Na*-ZrO,-Cl™ (s-g)
may shed some light on the possible mecha-
nisms of C, hydrocarbons and carbon oxide

KHAN AND RUCKENSTEIN

formations. The increase in the methane
conversion and C, selectivity with the reac-
tion temperature (Fig. 1) suggests that the
formation of methyl radicals by the catalyst
is facilitated by high temperatures (>700°C).
The total C, selectivity passes through a
maximum at 750°C but the ethylene-to-eth-
ane ratio continues to increase, which sug-
gests that the oxidation to carbon oxides
becomes important at higher temperatures
(>750°C), but that the dehydrogenation of
ethane to ethylene is facilitated at such tem-
peratures, particularly by chlorine species.

At 750°C the highest CH, conversion
and C, selectivity were obtained over
Na"-ZrO,-Cl~ (s-g) containing 20%
Na*Cl~, but further increases in the amount
of promoter decreased the performance
(Fig. 2). This suggests that there is a cooper-
ation between ZrQO, and NaCl. If the content
of the latter is too high, a too-large fraction
of the surface may be covered by NaCl, thus
reducing the participation of ZrQ,

The formation of both C, hydrocarbons
and carbon oxides, although the latter with
a low selectivity, at a short pseudo-contact
time (Fig. 3) is indicative of the existence of
two parallel routes: one which leads to C,
hydrocarbons and the other to CO, (x = 1,
2), as already noted for many catalysts (/,
23, 24). The increase in the C, yield and
the ethylene-to-ethane ratio up to a certain
pseudo-contact time (0.48 g - s - ml™Y) is
indicative of sequential reactions in which
ethylene is formed via a consecutive reac-
tion pathway involving the dehydrogenation
of ethane, particularly by chlorine. A further
increase in the pseudo-contact time de-
creases the C, yield and the ethylene-to-
ethane ratio because at longer residence
times in the catalyst bed ethane is more
likely to be oxidized than dehydrogenated
or ethylene itself is oxidized. The chlorine
species which, presumably, block to some
extent the oxidation sites on the surface of
the catalyst are probably no longer available
at long contact times.

The decrease in total C, selectivity ac-
companied by an increase in CO, (x = 1, 2)



OCM OVER ALKALI-METAL-COMPOUND-PROMOTED Zr CATALYSTS

selectivity with methane conversion (Fig. 4)
is presumably a result of an initial competi-
tion between the oxidation of methyl radi-
cals and their coupling to ethane followed
by the competition between the dehydroge-
nation of ethane to ethylene and the oxida-
tion of both hydrocarbons.

The decrease in CH, conversion and in-
creases in C, selectivity and ethylene-to-
ethane ratio with the increase in CH, partial
pressure (high CH,: O, ratio) (Fig. 5) indi-
cate that while the conversion is relatively
low at a high CH,/O, ratio, the C, selectivity
and ethylene-ethane ratio are favored by it.
Probably, at a high CH,/O, ratio (low partial
pressure of oxygen) the chlorine species fa-
cilitates the dehydrogenation of ethane,
thereby increasing the ethylene-to-ethane
ratio. Unlike the behavior observed with in-
creasing CH, partial pressure, the C, yield
passes through a maximum with increasing
oxygen partial pressure (Fig. 6), because at
high oxygen partial pressures the equilib-
rium is shifted in the direction of CO,, while
at low it is shifted in the direction of C,. An
optimum yield exists because a too small
amount of oxygen will lead to a small con-
version.

The present work demonstrates that the
addition of CTC, as a source of chlorine
species, into the feedstream has a positive
effect only on Na“Cl -promoted zirconia.
Since in the absence of the catalyst, CTC
exhibits a negligible effect, it is likely that
additional chlorine species are generated
by the interactions between CTC and
Na*-ZrO,—Cl . This is consistent with the
findings that CTC does not participate in the
methane conversion through a purely gas
phase process (30, 35, 40).

Relationship berween Physico-chemical
Properties and Catalytic Behavior

The catalytic performances of the
Na™-ZrO,-Cl~ catalysts, particularly the
cooperation among various components,
are reflected in their physical and chemical
characteristics. The XRD analysis revealed
that while Na*-Zr0O,-Cl~ prepared by
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impregnation, gel-precipitation, or ion-
exchange show similar profiles (Fig. 8), the
catalyst prepared by the sol-gel method ex-
hibited some new lines, suggesting that a
new phase is formed. More importantly, the
sol-gel method ensures the incorporation of
a certain amount of Na*Cl~ into the ZrO,
matrix, which is reflected in the broadening
of some major lines of ZrO,. The absence
of such a line broadening effect in the other
catalysts indicates the absence of an inti-
mate mixing between Na*Cl™ and ZrO,. The
incorporation of Na™Cl™ into the ZrO, ma-
trix has a number of effects on the OCM
process; it enhances the CH, and O, conver-
sions, the C, selectivity, the ethylene-to-
ethane ratio, and the stability with time-on-
stream.

The loss of chlorine is an intrinsic
property of the chloride catalysts used in
the OCM process (/4, 15, 32). The
Na*'-ZrO,~Cl~ catalysts are no exception.
A noticeable amount of chlorine is lost dur-
ing calcination followed by a slow decrease
during reaction, the amount lost depending
on the method of catalyst preparation. In-
deed, the XPS results (Table 4) revealed that
the concentration of surface chlorine in the
calcined Na®-ZrO,-Cl™ (s-g) is much
higher than those in the samples prepared
by gel-precipitation or impregnation. Also,
after reaction, the Na"-Zr0O,-Cl" (s—g) cat-
alyst contained higher surface concentra-
tions of chlorine than those in the other two
catalysts, indicating that the chlorine spe-
cies are stabilized to a large extent in this
system. A similar trend was observed for
the surface sodium concentration in
Na*-ZrO,-Cl~ (s—g), both after calcination
and reaction. Most notably, the surface so-
dium concentration became higher than that
of zirconium only in Na™-ZrO,-Cl~ (s—g).
The Na/Zr was much lower than unity in
the samples prepared by gel-precipitation or
impregnation. Such an enrichment of the
surface with sodium accompanied by an ap-
preciable amount of chlorine exhibits a
higher catalytic performance than those pre-
pared by gel-precipitation and impregna-
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tion, which have a lower amount of sodium
on their surface. Another interesting feature
of the sol-gel method is that multiple carbon
and oxygen species are present on the
Na"-ZrO,-Cl~ (s—g) surface, unlike the
other catalysts. Perhaps this is associated
with the new lines detected in the XRD pro-
file (Fig. 8f). The XRD and XPS results are
consistent in that while the former indicates
the incorporation of Na*Cl™ into the ZrO,
matrix, the latter reveals the stabilization
of both sodium and chlorine on the surface
enriched with sodium. These factors are
likely to contribute to the stability with time-
on-stream of Na'-ZrO,-Cl~ (s-g), as
shown in Fig. 7.

The basicity and base strength distribu-
tion studies revealed the presence of site
energy distributions on pure ZrO, and pro-
moted ZrO,. The basicity can be attributed
to the anions (O° ) exposed at the surface
of the catalyst. The base strength (electron
pair donor strength) of the surface sites is
expected to depend on the effective negative
charge on the anions and/or their coordina-
tion on the surface (30). In view of this, it is
likely that the basicity of pure ZrO, (which
is a weak base) would increase upon promo-
tion with Na Cl™ (due to the high electro-
negativity of chlorine). Indeed, this trend
was observed in the present study (Fig. 9)
between the unpromoted ZrO, and
Na'-ZrO,-Cl  prepared by five different
methods. The Na*-ZrO--Cl~ (s—g) sample
exhibited the highest basicity due, presum-
ably, to the incorporation of a certain
amount of Na~Cl~ into the ZrO, matrix (as
observed from the XRD analysis) and to the
exposure of a noticeable amount of Na™ and
Cl™ on the surface (as evidenced by the XPS
studies). The presence of sites of different
strengths arises, presumably, from the sur-
face imperfections such as steps, kinks, or
corners (41).

Thus, the promoting effect of Na™Cl™ on
ZrQ, is found to emerge from the incorpora-
tion of Na'Cl™ into the ZrO, matrix, the
exposure of a noticeable amount of Na™ and
C1~ at the surface and, possibly, from the

KHAN AND RUCKENSTEIN

enhancement of surface basicity and base
strength  distribution. Obviously, the
method of catalyst preparation, namely, the
sol-gel process, plays a crucial role in this
direction.

CONCLUSION

The following conclusions can be drawn
from the present study on the alkali metal
compound promoted zirconia catalysts:

(1) An apparently inert ZrO, can be made
active, selective, and stable with time-on-
stream by promoting with alkali metal com-
pounds, notably with alkali metal chlorides.
Of all the alkali metal chlorides investigated,
Na'Cl™ was found to be the most effective
promoter.

(2) The method of catalyst preparation,
the promoter content, and the reaction con-
ditions (temperature, contact time, CH,/O,
ratio, and partial pressures of the reactants)
have profound effects on the performance
of Na“Cl -promoted ZrO,. Out of five dif-
ferent methods used, the sol-gel method
was found to produce the most effective
Na*-Zr0O,-Cl" catalyst, which showed a C,
yield of 10.6% at a methane conversion of
13.8 mol%. This catalyst also showed a con-
siderable stability with time-on-stream (30
h) at 750°C, unlike other catalysts of the
alkali series.

(3) The addition of carbon tetrachloride
to the feedstream increased the perfor-
mance of the Na*-ZrO,-Cl~ (s—g) catalyst
(up to a C, yield of 17.5% at a CH, conver-
sion of 22.0 mol%) and its stability with
time-on-stream. Such an addition was less
effective with other promoted catalysts of
the alkali series (also prepared by the
sol-gel method).

(4) The presence of the chlorine spe-
cies is essential, particularly for high C,
selectivity and ethylene-to-ethane ratio.
The concentration of surface chlorine in
Na"-ZrO,—Cl~ (s—g) is 3-4 times higher
than in Na®-ZrO,-Cl~ (impregnation) or
Na*-ZrO,—Cl~ (precipitation), while the so-
dium concentration is 5-6 times higher than
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in the Ilatter two systems. Only in
Na*-Zr0,-Cl" (s-g) is the surface sodium
concentration found to be higher than that
of zirconium.

(5) The promoter effect of Na*Cl™ on
ZrO, is likely to be related to the incorpora-
tion of Na“Cl™ into the ZrO, matrix, the
exposure of an appreciable amount of Na*
and Cl- at the surface, and the increase in
surface basicity and base strength distri-
bution.
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