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PREFACE

Following on from the three previous meetings held in New Zealand (1987),
Norway (1990) and Australia (1993), South Africa was chosen as the venue for
the Fourth Intemational Natural Gas Conversion Symposium. The meeting took
place between 19-22 November 1995 at the Berg-en-Dal Camp in the Kruger
National Park. With its strong tradition in the commercial application of the
Fischer-Tropsch route (SASOL's coal-based plants) and of natural gas
conversion (Mossgas plant), South Africa (and the Kruger Park) provided a fitting
location for such a Symposium.

The meeting was attended by some 180 delegates from 25 different countries,
with an even mix between delegates from academia and industry. About 110
presentations (both oral and poster) were made in the following broad
categories:

Oxidative coupling

Partial oxidation

Reforming

Novel methane reactions

Fischer-Tropsch synthesis

Synthesis of alcohols and other oxygenates
Economics and Industrial Processes.

The opening address was delivered by Mr Roy Pithey, Chairman of South
Africa's Central Energy Fund who dealt with the importance and utilisation of
natural gas in sub-Saharan Africa.

Plenary lectures were presented by Professors E. Iglesia (Catalyst design and
selectivity for F-T Synthesis) and E.E. Wolf (Oxidative Coupling of Methane).

A number of keynote addresses were also delivered.

* DrT Fleisch (Amoco) described the use of DME as a transport fuel and the
work which has been carried out in this area in collaboration with Haldor
Topsoe.

* Professor L D Schmidt (University of Minnesota) described his work on the
direct conversion of methane at high velocities.

* DrB Jager (SASTECH R & D) reported on the recent developments in slurry
and fluidized bed F-T reactors at SASOL.

* DrJ Rostrup-Nielsen (Haldor Topsoe) discussed the role of catalysis in the
conversion of natural gas for power generation.



xvi

After three days of presentations of the latest research results in the seven
categories given above and the enthusiastic discussions that took place in the
setting of the African bush, the concluding remarks were provided by the two
plenary speakers who also put forward their view on the future developments in
methane conversion and catalysis. It was noted that for methane coupling the
science to be developed is centred on the structural aspects of the catalyst whilst
the enginesring problem to be solved surround novel reactor/separation
systems. Areas for further research were: direct conversion.of methane to
intermediate  monomers; methano! conversion to higher alcohols; CO/M,
conversion in a commercially viable route to higher alcohols; and CO/H,
conversion to high quality gasoline. Clearly such developments would fit into the
energy cycle which has moved from wood, to coal, to oil, to gas, and will most
probably move to hydrogen. On this note, the 4th International Natural Gas
Conversion Symposium came to a close.

The editors hope that the publishing of these proceedings will help catalyse
further developments in this field which could be announced at the 5th
International Natural Gas Conversion Symposium to be held in Sicily from 20-25
September 1998.

Lastly, we wish to express our sincere thanks to all our sponsors and especially
to SASOL (South Africa) and Std-Chemie {Germany).

M de Pontes

R L Espinoza
C P Nicolaides
J H Scholtz

M S Scurrell
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The Use of a Jet-Stirred Continuously Stirred Tank Reactor (CSTR) to Study the
Homogeneous Gas Phase Partial Oxidation of Methane to Methanol.

Gary A. Foulds®”, Brian G. Charlton®, Buu T. Le®, J. Clifford Jones" and Brian F. Gray".
il

*C.S.I1R.O. Division of Coal & Energy Technology, Lucas Heights, Menai, N.S.W., Australia.
¥School of Chemical Engineering and Industrial Chemistry, U.N.S.W., N.S.W., Australia.
°School of Mathematics, University of Sydney, Sydney, N.S.W., Australia.

Direct partial oxidation of methane to methanol is a process that has the potential to reduce
the energy use and the cost of methanol prodcution by eliminating synthesis gas generation as
an intermediate step. This process has been the subject of considerable study, as manifested by
the scope of work reported in a number of recent reviews [1-3]. Most of the studies reported have
been carried out in tubular flow reactors that were empty or contained inert packing. To com-
pliment the experimental studies, theoretical work has been carried out, largely with a view to
obtaining a suitably tractable model for computer experiments to be performed, at far less cost
and over a greater range of parameter space [1]. It has been pointed out that non-isothermal
modelling of tubular reactor systems is not possible without assumptions, as spatial gradients
existand the required transport properties such as diffusion coefficientsand thermal conductivities
of the numerous transient species involved in the most comprehensive methane oxidation
mechanism are not known. However, modelling the reaction in a CSTR is feasible, as spacial
effects are absent and the steady state, oscillation and bifurcation behaviour can be clearly seen
without physical complications [4]. While the use of a continuously stirred tank reactor (CSTR)
for this reaction at high pressure has been suggested by other workers [5], to the best of our
knowledge, only one experimental study using a CSTR for this reaction, at pressure, has been
reported [6]. However, the equipment used in this study (a commercial, mechanically stirred,
cylindical autoclave with a volume of 240ml) proved less than ideal, due to the substantial thermal
resistance of the metal vessel, the glass liner and pocket of air between the two, the uneven heating
outside the vessel, and the dissipation of heat along the stirrer shaft. These factors made it
impossible to measure the heat transfer coefficient of this vessel, essential for modelling the
reaction system.

In our desire to validate the nonisothermal CSTR model experimentally, these factors and
the desire to use shorter residence times required by the model, led to the use of a cylindical jet
stin?‘ggTR, based on the design of David, Houzelot and Villermaux [7]. In this paper, we report
the-design and validation of the CSTR, and the results of experimental studies carried out using
the reactor. Experiments were carried out using residence times of 10 to 30s, pressures ranging
from 1.5 to 5.0 MPa and reactor oven (ambient) temperatures up to 450°C. Results are presented
and compared with those predicted by the model, as well as those reported in previous studies.

1. EXPERIMENTAL

The design of the CSTR follows the rules established by David and Matras [8], which have
been defined and verified for spherical jet reactors incorporating a range of volumes (3m! to 50
000m1). It takes into account the constraints identified by these authors relating to turbulence,
sonic velocity and internal recycling limitations. The cylindrical design was based on a reactor
made by David, Houzelot and Villermaux [7], but differs noticeably in volume and the position

1° Present address: BHP Research, Newcastle Laboratories, PO Box 188, Wallsend, New-
castle, NSW, 2287, Australia.

Acknowledgement: We thank K. Wong, D. Chivers, D. Stathers, G.S. Walker for technical
assistance and The University of New South Wales and BHP Co. Ltd. for financial support.
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of the gas exit port. The cylindical shape is easier to machine and produce on a larger scale if
required. The CSTR was constructed from stainless steel, with a pyrex liner to render the internal
surface inert and chain-reflective. Figure 1 is atechnical drawing of the vessel. Feed gas injection
is through three 1.6 mm o.d. tubes set with a long one in the centre and the two others of the same
diameter at 8.0 mm-spacing. The outer injection tubes each have one 0.3 mm diameter orifice
set halfway into the vessel, acting tangentially and in dpposite directions, while in the centre
injection tube there are two 0.3 mm diameter orifices, again acting in opposite directions and
equidistant from the centre of the vessel. The product gas exit is opposite to injection via a 6.0
mm tube. To render the internal metal parts of the reactor chain-reflective, they were coated with
a ceramic material prepared from Fuller’s earth as reported by Felton [9]. An 8% by weight
suspension of Fuller's earth in water, de-flocculated with 4% by weight of sodium carbonate,
was painted onto the metal surfaces and the resultant coating baked at 700°C overnight.
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Figure 1. Mechanical design of Jet Stirred Continuously Stirred Tank Reactor

The reaction vessel was contained in a forced-draught oven capable of operating at tem-
peratures up to 500°C. The vessel was incorporated into a super-atmospheric gas handling system,
the details of which have been described earlier [10]. Methane (>99.0%) and oxygen (>99.5%),
supplied through mass flow controllers to give the desired CH,/O, composition, were well mixed
before passing through a header to the injection tubes and into the reactor. Product gases exited
from the reactor vessel to a water chilled condenser and through a back-pressure regulator, after
which the exit flow rate was measured. Gas temperatures (T) were measured with a mineral
insulated type K thermocouple of 1.5 mm diameter, with the last 10 mm of the thermocouple and
the junction bare. The bare portion of the thermocouple was coated with silica using the method
described by Felton [9], in which a solution of dimethyl cyclosiloxane (approximately 20 wt%)
dissolved in methanol is burnt in a burner with a wick, and the thermocouple is passed through
the white smoke apparent above the flame. The even deposition of silica is apparent to the naked
eye. A second type K thermocouple was attached to the outside wall of the reaction vessel to
measure its wall temperature (T,), while the oven (ambient) temperature (T,) was controlled
through a further type K thermocouple set in the forced gas stream. In addition, the oven tem-
perature was also measured independently via the control thermocouple.

Two techniques were used to measure the residence time distribution in the CSTR, pulse
injection and step change of input concentration. The equipment was used as in the partial
oxidation experiments with only minor modification, as described below. For the pulse injection,
a small tube was connected to a tee on the gas inlet line close to the oven inlet. The reactor end
of the tube was closed off with a valve (V1) and the other end was connected through a valve
(V2) to the injection gas (argon) cylinder (see Figure 1). The amount of argon injected could be

adjusted by varying the tube size or the injection pressure. To operate, V1 was closed and the
tube pressurised by opening V2. V2 was then closed and the injection effected by briefly opening
V1. For the step change injection, a three-way valve was installed in a side-line, attached to a tee
in the gas feed line. A small measured flow of injection gas (approximately 5% of the feed gas
flow rate) was established through the three-way valve, passing to atmosphere. The three-way
valve was then switched to divert the gas into the feed gas line for injection. A portion of the
exit gas from the reactor (15mV/min NTP) was diverted to a quadropole mass spectrometer o
measure the concentration of the injected gas appearing in the outlet gas stream. The sample
take-off point was outside the oven, approximately 180 mm downstream from the reactor exit.

Experiments to determine the overall heat transfer coefficient (U) were carried out by
passing methane, nitrogen or argon through the vessel at selected pressures and flow rates, while
the internal vessel temperature (T), vessel wall temperature (T,), oven (ambient) temperature
(T,) and influx gas temperature (T,) were measured.

For all reactor runs, ambient temperature was chosen as the preferred or bifurcation
parameter i.e. the one which is varied at fixed values of the others (pressure, feed oxygen con-
centration and residence time), and was varied from 300°C to a maximum of 450°C, above which
ithas been shown [11] that methanol decomposes in the presence of methane and oxygen. For
each of the runs, T, was increased (upward traverse) and decreased (downward traverse). NOTE:
The high oxygen concentrations used at high pressure are approaching the explosive limit and
the reactor was located in an isolated explosion containment area. Product gases were fully
analysed using a dual gas chromatographic system as described previously, while oxygen and
methane conversion, selectivities and yields, determined on a total product basis, were calculated
as described in the same article [10]. Mass balances with respect to C, H and O were determined
for each of the runs and were found to be within 5%.

2. RESULTS AND DISCUSSION

Residence time distribution studies showed that the vessel behaved as a CSTR over the full
range of gas flows and pressures tested. Whilst the shape of the residence time curves showed
unequivocally that the system operated as a CSTR, the vessel volume calculated from the results
averaged out at 24ml, compared to the vessel internal volume of 18ml as determined by men-
suration. The volume of the tube between the vessel and the sample take-off point was
approximately Sml. The heat transfer coefficient was determined according to the method
described by Caprio etal [12]. A value of U =16.9 WmK"* was obtained for the reactor system.

The non-isothermal model predicts a number of sinificant features including (a) discon-
tinuity in conversion and heat release rate, most significant at high oxygen concentrations and
the position of which moves to lower temperature as the system pressure is increased (b) hysteresis,
present at 9.5% oxygen in the feed, but not at lower oxygen concentrations, (c) an increase in
conversion but decrease in methanol selectivity as feed oxygen concentration is increased, (d)
an increase in methanol selectivity as the system pressure is increased, (e) a slight increase in
conversion with an associated drop in methanol selectivity at very short residence times, and (f)
the presence of oscillations at 9.5% oxygen feed concentration [4].

To illustrate the experimental demonstration of these features we focus on the results
obtained at 30 s residence time, 3.0 MPa pressure and 9.5% oxygen in the feed. Figure 2 depicts
oxygen and methane conversion as a function of ambient temperature. Both parameters exhibit
the discontinuity and hysteresis predicted by the model, with the steeply rising or dropping regions
of conversion corresponding to the steeply rising or dropping regions of gas reaction temperature.
Note that ignition occurs at a T, of approximately 400°C on the upward traverse of temperature,
while extinction occurs at a T, of 385°C on the downward traverse of temperature, giving a
hysteresis width of 15°C. Also confirmed is the fact that the eventual flattening of the reactant
temperature at ambient temperatures above the discontinuity is due to complete oxygen con-
sumption, which corresponds to approximately 8% methane conversion at these conditions.

The product spectrum, consists of H,0, CH;0H, CO, CO,, and trace amounts of HCHO,
CH, and C,H,. Selectivity to methanol, as illustrated in Figure 2, mirrors the conversion hys-
teresis and exhibits a maximum of 25% on a region of the curve accessible only on the downward
traverse of ambient temperature, as predicted by the model [4].



Methanol yields of up to 1.9% were recorded under these conditions, with the maximum methanol

yield once again occurring in a region of ambient temperature only accessible on the downward
traverse. Trends exhibited by CO, CO, and H,0 were similar. At high ambient temperatures,
CO yields were generally in the region of 4.0%, while CO, yields were generally in the region
of 2.0% or less. In addition, water yields of over 8.0% were recorded under these conditions.
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Figure 2. Plots of Oxygen Conversion, Methane Conversion and Methanol Selecitvity vs T,.

The effect of feed oxygen concentration on the discontiniuty and hysteresis is evident from
the data listed in Table 1. Semi-quantitative agreement of experimental data with the results
predicted by the model is observed, with the important trends predicted by the model clearly in
evidence i.e increasing the feed oxygen concentration causes the discontinuity to move to higher
temperature, increases the width of the hysteresis, and increases the discontinuity temperature

jump (AT).

Table 1. Effect of feed oxygen concentration on discontinuity and hysteresis”

Oxygen Conc. Tl.‘iplilion T, extinction Hysteresis loop AT
(%) (C) (C) width ('C) (C)
95 411 (381): 381 (376)° 30 (5) 60 (110)
75 406 (402) 391 (402)° 15 (0) 50 (80)°
50 402 (397)° 396 (397)° 8(0) 32 (49)
25 401 (397)° 398 (397) 3(0) 10 (20)°

*_Resultsobtained using a pressure of 3.0 MPa and a residence time of 20s; *-Values in parentheses
predicted by model [4].

Table 2. lists data relating the effect of residence time on the discontinuity and hysteresis.
Once again good semi-quantitative agreement with the model is observed. Clearly, decreasing
the residence time results in the discontinuity moving to higher temperature with a concomitant
widening of the loop and increase in the temperature jump. This can be explained by the increase
in heat release rate as the feed rate to the reactor is increased.

Generally, the experimentally observed hysteresis loops are wider than those predicted by
the model and the temperature jumps are larger. This may be due to experimental error in
determination of the overall heat transfer coeficient and the surface to volume ratio. The model
has shown that hysteresis is extremely sensitive to the product of these two parameters [4].

Table 2. Effect of residence time on discontinuity and hysteresis’

Residence Time T, igition T, extinction Hysteresis loop AT
® & §8) width (‘C) (C)

10 (1) 427 (395)° 362 (361): 65 (342' 85 (168)

20 (20) 411 (381) 381 (376) 30 (5) 60 (110)°
30 405 387 18 40

*_Results obtained using a pressure of 3.0 MPa and an oxygen feed concentration of 9.5%; "-Values
in parentheses predicted by model [4].

Table 3. summarises the the effects of various process parameters on methane conversion
and methanol selectivity and yield. Data obtained in other reaction systems have been included
for comparison. It should be noted that the methanol selectivities and yields listed correspond
to the maximum yield observed experimentally, or quoted in the literature.

Table 3. Comparison of Jet Stirred CSTR results with relevant theoretical and experimental work.

Source  Reactor Temp. Res. Oxygen Press. CH, CH,OH CH,0H
of Design (C) Time Conc. (MPa) Conv. Selec. Yield
Data (s) . (mol%) (mol%) (mol%) (mol%)

This  JetStimed 400 10 9.5 30 8.1(7.0) 187(6)  15(L.1)
Work

400 20 9.5 3.0 8.0(7.0)° 23.0 (osc) 1.8
400 30 9.5 3.0 77 23.1 1.8

400 20 7.5 30 58(50) 280(250)° 16(13)
400 20 5.0 30 4230 36034 150.1)
400 20 25 30 2220 450(48.0) 1.0(1.0)
432 10 9.5 1.5 7.5 19.1 14
398 20* 9.5 3.0 7.8 24.0 19
381 33 9.5 5.0 8.2 26.8 2.2
(6] mech.CSTR 464 95 30 8.3 17.0 13
[10] Annular 427 9.5 3.0 8.5 23.0 1.8
[13] Tubular 455 10.3 3.4 7.5 59.8 45
[14] Tubular 410 9.4 33 71 16.4 13
[5] Tubular 450 10.0 5.0 12.0 25.0 2.8

“-Values in parentheses predicted by model [4], osc = oscillations predicted; *_Note that the
residence time has been adjusted to maintain constant flow rate at the different pressures.

Comparison of the experimentally determined results obtained in the jet stirred CSTR shows
good semi-quantitative agreement with the non-isothermal modei [4]. Increasing feed oxygen
concentration results in higher methane conversion and a decrease in methanol selectivity. As
predcited by the model, residence time does not affect methanol selectivity or yield, except at
the shortest residence time of 10 seconds where they drop from 23% to 18.7% and from 1.8% to
1.5% respectively. Increasing the pressure at constant flow rate results in greater methanol sel-
ectivity and yield, a trend which has also been predicted by the model. Instability was observed
at9.5% feed oxygen concentration, as predicted by the model, but the amplitude of the oscillations
(approximate period 6/minute) was irregular and thus inconclusive.

Data reported by other workers reveals little difference between the results obtained using
the jet stirred CSTR and those obtained using tubular reactors. Similar trends with respect to
oxygen concentration and conversion and selectivity are observed. Methanol selectivites vary
between 20 and 50% when an oxygen feed concentration in the range of 2.5 to 10% is used. One
exception is the work reported by Yarlagadda et al who report methanol selectivities in excess
?f 60% and yields in excess of 4.5% [ 13], results which appear not to have been repeated elsewhere

1-3].



3. CONCLUSIONS

A newly constructed cylindrical jet stirred reactor, displaying CSTR behaviour at residence
times upto 30s, has facilitated the study of the partial oxidation of methane to methanol at pressure.
The results obtained over a wide range of process conditions exhibit good semi-quantitative
agreement with those predicted by the non-isothermal model [4]. Cool flame phenomena,
including discontinuity and hysteresis in heat release rate, were observed. Decreasing the tem-
perature was found to favour methanol production, with the highest yields being observed in the
region accessible only on the downward sweep of the hysteresis, a very specific phenomenon
predicted by the model. Increasing the oxygen concentration was found to increase conversion
and the width of the hysteresis loop, at the expense of methanol selectivity. It is worth noting
that the beneficial effect of increasing the pressure is clearer than in previous studies [1], and this
may be attributed to its investigation under constant flow conditions. Variation of residence time
was found to have little influence, except at the shortest residence time of 10s which resulted in
higher methane conversion, an increase in the hysteresis loop, and a decrease in methanol sel-
ectivity. Again this trend has been specifically predicted by the non-isothermal modelling studies
[4]. The trends and absolute values of methanol yield and selectivity obtained in the CSTR are
comparable with those attained, using similar process parameters, in earlier tubular reactor studies.
A possible explanation for this is that the fast partial oxidation reaction occurs in a small section
of the tubular reactor, with complete consumption of oxygen. The rest of the tubular reactor then
functions as a heater keeping the products and unreacted methane at the reactor wall temperature,
which has usually been less than 500°C. This type of profile has been observed experimentally
in an annular reactor with longitudinal temperature measurement [10]. Methanol would thus be
stable under these conditions [11], particularly if negligible back-mixing took place.

If the partial oxidation of methane to methanol is to be of commercial interest, then sel-
ectivities, particularly at high conversions, will need to be improved, an indicative target being
77% selectivity at 10% conversion [1]. The results of this study have expermentally verified the
value of the non-isothermal model [4], giving confidence in its use to search process parameter
space for "windows" of high methanol yield at much less cost and effort than experimental studies.
In addition, the model will prove invaluable when used for commercial process design, should
commercial targets be achieved.
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Synthesis of alcohols from syngas over Ni-based catalyst: comparison with the
hydroformylation reaction
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University of Barcelona, Facultat Quimica, Diagonal 647, 08028 Barcelona, Spain

"Institut de Recherches sur la Catalyse - CNRS, 2 avenue A. Einstein, 69626 Villeurbanne,
France

The CO hydrogenation reaction into alcohols and the hydroformylation of ehylene h_ave: been
studied over a series of silica-supported nickel-based catalysts (Ni, Ni-Cu, Li-Ni, Li-Ni-Cu).
The oxo selectivity sequence is found to be similar to that of selectivity towards highe:r alcohols
in CO + H;, indicating that both reactions share a common path: the migratory insen_xon of CO
into a metal-alkyl bond. In agreement with this view, evidence of a direct relationship between
selectivities towards propanol and C, hydrocarbons in the CO + H; reaction has been obsen_red.
This confirms that the concept of metal isolation associated with Lewis acid addition is a fruitfisl
guideline to design new catalysts for both reactions. Sequence comparison suggests that
methanol formation proceeds via another route.

1. INTRODUCTION

C-Cs alcohol mixtures from syngas are interesting octane boosters for m'lleaded gasoline
Today, only a limited amount of oxygenates consisting mainly of ethel:s are utilized as blend for
motor fuel. The demand for oxygenates will probably increase and it could be of n_:temst to
diversify their sources. In this context the synthesis of alcohols (methanol, ethanol, mixtures of
methanol and higher alcohols to be added to gasoline, methanol + isobutanol for th? producfuon
of methyl-tert-butylether) still remains a subject of interest. The catalysts (ﬂomﬁed oxides,
sulfides or metals) are generally non selective and the factors governing selecuvny are not well
understood [1]. Alcohol formation is believed to proceed via a Cp insertion into an alkyl metal
bond, a path which is also shared by the hydroformylation reaction (CH; = CH; + CO + H, =
C,H;CHO). Some limited attempts to compare both reactions have already been camed out
[2,3). This paper reports on a more Systematic investigation of the behaviour of a series of
nickel-based catalysts towards both reactions.
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2. EXPERIMENTAL

A series of catalysts were prepared, as described elsewhere [4,6], by reacting the silica
support (200 m’g" Aerosil from Degussa) with solutions of hexammine nickel and copper
pitrates. The NVSiO; and Ni-Cu/SiO; precursors thus obtained were impregnated with lithium
nitrate sohutions. The catalyst morphology and composition are shown in Table 1 [4,6]. The
catalysts were reduced at 873 K by flowing pure hydrogen for about 15 h. The temperature was
increased Inearly from 300 to 873 K with a heating rate of 2 K min”. Metal particle size before
redaction were found to be 4.1, 4.1 and 4.8 nm for reduced Ni/8i0;, Ni-Cw/SiO; and Li-
Ni/SiO; catalysts, respectively [4,6]. The CO hydrogenation reaction was performed as
described elsewhere [5]. Let us recall briefly that the total pressure was 5 MPa and that the
H/CO feed stream containing 33 % CO and 66 % H; (Hy/CO =2) was introduced with a flow-
rate of 1.8 Vh (NTP) after exposing to a flow of helinm.

Hydroformylation of ethylene was carried out in a 80 ml stainless steel autoclave equipped
with a magnetic stirring system. The reactor was first purged and loaded under inert atmosphere
with 0.7 - 0.9 g of catalyst prereduced in standard conditions. After a new purge, the system
was pressurized with a C;H/CO/H; = 1/1/1 gas mixture at 4,5 MPa and heated to 473 K. After
reaction (17 h) the products were collected by bubbling the gases through toluene kept at 194.5
K and then analysed by gas chromatography and characterized by mass spectrometry. This
procedure does not allow a fully quantitative analysis of ethane. Methane could not be analysed.

3.RESULTS AND DISCUSSION
3.1. CO hydrogenation

Most of the results are reported elsewhere [4,5] and in Table 1. The sequence of selectivity
towards ethanol, Scaon, or higher alcohols, Sczon is found to be:

Ni-Cu, Ni < Li-Ni < Li-Ni-Cu 1)
Table 1

Composition , morphological and catalytic properties of the series of nickel-based catalysts.

Wt%) (wt%) (%) convers. % % %

%
Ni/SiO, 0 20 0 26 2.4 0.2 0.2
Ni-Cw/Si0; 0 15.5 43 0.5 51 0.0 0.0
Li-NV/SiO; 0.35 20 0 1.0 5 12 35
Li-Ni-Cw/SiO, 08 15.5 48 0.9° 51 8.5 92

"Reactions conditions: 513 K, 5.0 MPa, GHSV = 10 000 h", HyCO = 2, weight of
catalyst = 0.1 g, after 7 h of reaction
*data obtained with = 0.25 g of catalyst.

By varying the weight of Ni and Ni-Cu catalysts, it was checked that at conversion 1 % this
sequence is not altered. The position of Ni with respect to Ni-Cu is not defiitively clear since in
some cases minute amounts of ethanol were observed whilst this does not occur on Ni-Cu
catalysts. The sequence of selectivity towards methanol is the following :

Ni < Li-Ni << Ni-Cu, Li-Ni- Cu (2)

As can be seen, this sequence is different from (1) and points to the specific activity of
copper towards methanol formation [5].
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3.2. Hydroformylation

The results obtained for the hydroformylation of ethylene are summarized in Table 2. The
sequence of the activity for the formation of C; oxygenates is as follows:

-

~ Ni < Ni-Cu << Li-Ni < Li-Ni-Cu 3)
Table 2

Vapor phase hydroformrylation of ethylene on nickel-based catalysts”.

Catalysts CO conversion  oxo-selectivity C;H,0H Selectivity towards

(%) (%) CH;CHO  hydrocarbons (%)°
to oxo products (C5-Cs)
NV/SiO: 0.3 44.4 0 55.6
NiCw/8i0; 8.7 60.9 0.54 39.0
Li-Ni/SiO; 30 89.1 6.6 110
Li-Ni-Cu/SiO; 29 97.6 23 24

*Reaction conditions: CzHs: CO: Hz = 1: 1: 1, T=473 K, P = 7.2 MPa (473 X), reaction time
17 h, catalyst charge : 0.7-0.9 g
*CH, and C;H; not considered

It can be inferred that catalysts containing alkali additive (Li) are both more active and
selective towards the oxo synthesis under the reactions conditions used. Ni/SiO; and Ni-
Cu/SiO; are poor oxo catalysts giving a high production of hydrocarbons (mainly Cs-Ce
hydrocarbons). Furthermore, an enhancement of C3 oxygenate production is also found from a
cooperative effect of Li and Cu addition to nickel catalysts.

In all cases, propanol is attributed to the subsequent hydrogenation of propanal, which is the
primary product of the hydroformylation reaction; the hypothesis of the direct hydrogenation of
CO in the C;H/CO/H; gas mixture into propanol can be yuled out: as a matter of fact this route
would lead to the formation of large amounts of ethanol, which is not detected in the reacting
mixture. )

Ethane is not detected in the toluene solution or by direct analysis of the gas phase when the
hydroforntylation reaction is carried out over Li-Ni-Cu catalysts, in contrast to Ni-Cu catalysts,
confirming that alkali addition results in a decrease of hydrogenation activity as shown by the
increase of the ratio alkenes/alkanes in CO hydrogenation [4]. The behaviour of Li-Ni-Cun
contrasts with that of the other catalysts which give rise to the production of ethane which is
detected in the toluene solution.

3.3. Comparison of CO hydrogenation and hydroformylation

As a first step the different sequences are compared: sequence (1) (selectivity towards
ethanol and higher alcohols) and (3) (selectivity and activity towards C; oxygenates in
hydroformylation) are very similar, confirming the basic hypothesis of this work for the case of
nickel: higher alcohol synthesis from CO hydrogenation and hydroformylation imvolve simlar
active sites and paths; they both proceed via a migratory CO insertion into a metal-alkyl bond
according to the following scheme:

R R CO
alcane | co \/ go alcohol
« M - M - - A)
alcene aldehyde
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The number of carbons, n, in the alkane (alkene) is equal to that of R whilst it equals ton + 1
for the oxygenates.

The methanol (2) and hydroformylation (3) sequences are different, suggesting that methanol
formation does not proceed via the previous scheme (R = H). It can be argued, however, that
copper is also active towards methanol formation; consequently, nickel and nickel-copper
catalysts should be compared separately, methanol selectivity has the following characteristics:

Ni < Li-Ni and Ni-Cu = Li-Ni-Cu
They are different from those observed for the hydroformylation activity:
Ni << Li-Ni and Ni-Cu << Li-Ni-Ca

In particular, it can be noticed that lithium addition to nickel results in a limited increase in
selectivity towards methanol whilst it increases the hydroformylation activity by two orders of
magnitude. It can therefore be concluded that methanol and higher alcohol routes are different,
and that methanol formation does not proceed via a CO insertion itno a M-H bond to give a
formyl species, in agreement with organometallic chemistry which indicates that this insertion
reaction does not occur to any appreciable extent for thermodynamic reasons [7].

If scheme (A) is correct, it can be predicted that the selectivity towards Cn hydrocarbons is
related to the selectivity towards Cn + 1 oxygenates: both selectivities should vary in a parallel
way. This is indeed observed when considering the selectivity towards ethane + ethylene and the
selectivity towards propauol (Figure 1): various samples were considered, including Li-, Na-
and K- promoted Ni/SiO: catalysts described elsewhere [4], at different aging time. The slope
related to Li-promoted Ni/SiO; catalysts seems to be larger than that obtained with Li-Ni-Cu
catalysts. This is possibly related to the better hydroformylating properties demonstrated by the

latter catalytic system.
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Figure 1: Relationship between selectivity towards C; hydrocarbons, SC,, and selectivity
towards propanol, SC; OH for the CO hydrogenation reaction over  series of Ni-
based catalysts at different aging time.
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Figure 2 shows that the selectivities towards methane and ethanol do not vary in a parallel
way, at variance with the previous situation. This may be explained assuming that methane
originates form different sources, including a common route to methanol, hydrogenolysis... .

Finally another observation deserves some comments: Ni-Cu catalysts demonstrate a certain
hydroformylation activity whilst no higher alcohols are formed from CO hydrogenation. This
does not discard the CO insertion model but can merely reflects a low concentration of M-R
species on the Ni-Cu surface.
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Figure 2 : Selectivity towards methane SCH, versus selectivity towards ethanol, SC,;OH.

4, CONCLUSION

It can be concluded from sequence comparison that CO hydrogenation into higher alcohols is
closely related to the hydroformylation reaction: both reactions proceed over nickel-based
catalysts via a migratory insertion of CO into a metal-alkyl bond, confirming preliminary studies
from the literature. This shows that metal isolation associated with Lewis acid addition is a
fruitful guideline to design new catalysts more selective into alcohol mixtures. This study has
also shown that methanol from CO hydrogenation is likely to proceed via a different
mechanism, which does not involve a CO insertion into a M-H bond. Finally, measurement of
hydroformylation properties of solids initially designed for CO hydrogenation into alcohol
mixtures proves to be useful: it has led to heterogencous systems which are reasonably selective
towards the oxo synthesis (ca 98 %) and which could be of interest with regards to the n/iso
selectivity when higher alcenes are considered.
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Abstract

Modification of Ruw/Al, Q3 by ZrO, has been carried out and tested in syngas conversion,
Different coverages of ZrO, were attained by mcans of the controlled hydrolysis of a
zirconium alkoxide on the Al,O; surface. Characterization of the solids by XRD, TEM, TPR,
FT-IR and XPS shows that a high dispersion of ZrQ, over ALO; is attained. Impregnation of
Ru on these solids gives rise to highly dispersed Ru particles preferentially associated to the
ZrO; species. Under the reaction conditions ZrO,/AlO:x solids were almost inactive for syngas
conversion. It was established that depending on pre-treatmient and/or reaction conditions Ru
could leave the surface as Ru carbonyls, the activity/sclectivity patterns being dramatically
dependent of the protocol followed.

1 INTRODUCTION

Growing interest in environmental protection will enforce the use of oxygenates as
octane enhancers for automotive fuels. Tn recent years a significant effort has been devoted to
the synthesis of higher alcohols from CO + H, . All group VIII metals have the ability to
hydrogenate CO, mainly to hydrocarbons, with varying extents of bond formation, chain
growth being maximised over Ru. Several approaches have been carried out to improve the
formation of C;' oxygenated products, among them the madification of hydrocarbon forming
metals, particularly Ru, by adding components that suppress CO dissociation and stabilise the
oxidation products, has recently received a great deal of attention [1-4]. The study reported
herein comprises the modification of Ru/ALOs by ZrOz to produce mixed oxides systems with
high component inter-dispersion, to try to understand the influence of its structure in the
behaviour of Ru catalysts in syngas conversion.
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2. EXPERIMENTAL

2.1.Catalyst Preparation

* The mixed oxides were prepared using the controlled alkoxide hydrolysis method [S]
to obtain a well dispersed ZrO, which covers the support surface with %, 2 and 1 monolayer
of ZrO, The desired amount of zirconium(IV)-tert-butoxide ( 98%, Aldrich), 5 ml of
concentrated HNQ; and 250 ml of n-hexane were added to 10g of the support. The theoretical
proportion of ZrO, monolayer corresponds to 16.2%. The three ZrO,/ALO; solids were
impregnated with an aqueous solution of RuCl; xH,O (Aldrich) by the incipient ‘wetness
method to give a nominal Ru content of 1%. Catalysts are named as RwWZrO, (#)/ALO; with
number in parenthesis indicating the ZrO, monolayer fraction.

2.2.Catalyst Characterisation

The catalysts and supports were characterised by chemical analysis, surface area
measurements, XRD, TEM-EDX, TGA, TPR, CO adsorption followed by FT-IR and XPS.
The Ru and ZrO, quantification was followed by ICP argon plasma. The surface areas were
measured by a single-point BET procedure using a Flowsorb II 2300 Micromeritics Rapid
Surface Area Analyser. The TEM analysis was carried out with an analytical electron
microscope Hitachi H-800 coupled with an EDX analyser. The diffraction patterns were
obtained with a Phillips PW 1830 diffractometer using Cu Ko radiation. TPR analysis were
carried out in a Micromeritics TPD/TPR 2900 apparatus; using ~50mg of the sample in a
10%Hy/Ar flow at 10°C/min. IR spectra were conducted on a Perkin-Elmer FT-IR 1760
spectrometers with a resolution of 4 cm™. The IR cell used has a built-in fumace which was
used to pretreat samples in situ at high temperature. Samples were mounted in the cell as
wafers having a thickness of approximately 20 mg/cm’. Integrated intensities (absorbencies)
were normalised to unit wafers thickness (mg/cm’). The protocol followed has been reported
elsewhere [6]. The XPS analysis were conducted in a Leybold Heracus equipment provided
with an Al source (K1486.6 eV). All catalysts were studied before and after reduction. For the
XPS analysis the reduction treatments were conducted in situ using a 6% H2/N; mixture and
were left overnight at 340°C. Different references were used for the analysis of Ru containing
solids. For Ru ALO; and Ru /Zr0,/Al;O; the Al 2p;, at 74.8 eV was used which is equivalent
to that of Cls at 285 eV, while for Ruw/ZrO, the reference used was Zr3 ds, at 182.140.1 eV,
with Cls at 285 eV.

2.3.Catalytic tests )
The catalytic tests were performed in a continuous flow system with a fixed-bed reactor
at 5.1 MPa, 250-300°C, 6.4 Ug.h., Hy/CO = 2, N, = 5% (internal standard). The analysis of the

reaction products were carried out by gas chromatography using the same conditions as
described in Ref.[2].
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3.RESULTS AND DISCUSSION

3.1.Chemical analysis, surface area, XRD and TEM

From the chemical analysis it was observed that, in general, the experimental
compositions of the solids were close to nominal values. The BET areas for the solids
containing Ru or ZrO, were slightly higher than that of the support (100 mYg). The
diffractograms of the ZrO,/ALO; and Ru/ ZrQ; / Al Os solids showed no discernible reflections
pertaining to Ru and ZrO,, this implies that ZrO; and Ru are present either in a highly
dispersed or in an amorphous state. However, the first implication seems to be the case since
evidence of the good dispersion of ZrO, over the alumina matrix was corroborated by TEM as
could be seen on Fig.1 for Ru/ZrO,(1)/Al,Ox. Using the dark ficld technique, the micrograph
shows well dispersed solids with particle sizes between 10-20 nm. The EDX analysis for these
solids ( Fig.1) show the peaks corresponding to the presence of Al, Zr, and Ru. It is interesting
to note that in all the analysed samples the presence of Ru-Zr over the matrix was always
simultaneously detected, which seems to indicate a degree of association between these
species.

3.2.  XPS analysis

In the XPS studies the surface composition of the solids were determined to assess the |
dispersion and degree of reduction of Ru on the supports. For the ZrO,/Al,0; samples the
position and shape of peaks Al 2p and Ols were very similar for all samples, binding energies
(BE) corresponding to Ols ~531.8+0.1 eV and Al2p=74,8 V. On the contrary, a continuous
evolution of the Zr 3d signals as the percentage of ZrO; increases was observed.
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Figure 1. TEM image and STEM-EDX  Figure 2. Dependence of surface nZr/nAl
analysis of Ru/ ZrOy(1)/ Al,0; ratio on the bulk ratio for ZrO,/ALO; and
RLl/ ZfOQ( 1 )/ Alzo,z.

The shapes of the doublets changed with increasing ZrO, loading and they also differed
from the Zr3ds; and Zr3d;- doublets obtained with pure ZrQ,, which was better defined . The
full width at medium height (FWMH) was greater (4.6-4.7 eV) for all ZrOy/Al,O5 samples than




