METHANE FORMATION DURING HYDROGENATION REACTIONS IN
THE PRESENCE OF RANEY NICKEL CATALYST

0. Klais, *

In the amination of polysubstituted acetonitrile in
methanolic solution over Raney nickel under 100 bar
hydrogen, an unexpected pressure build-up occured. The
only possible reason is a catalytic conversion of the
solvent methanol to methane with simultaneous heating of
the reaction mixture. Methane formation was proved in the
laboratory, starting at a temperature as low as 110° C.
It was possible to give a satisfactory description by
means of a simple reaction model. Such an uncontrolled
methane formation can be avoided by adhering to the
following protective measures: stirrer control,
limitation of catalyst quantity and checking the thermal
stability of starting materials and end products.
Keywords: hydrogenation, Raney nickel catalyst,
T runaway reaction

Amongst nickel catalysts, Raney nickel [1] is distinguished by its
particularly high activity. It is obtained from finely ground Ni/Al alloy
grains by leaching with highstrength caustic alkali, the aluminium being
dissglved and a porous material of large specific surface area of about

80 m4/g remaining [2]. Since hydrogen is released on leaching, commercially
available Raney nickel always retains large quantities of hydrogen. This
catalyst is nowadays widely used industrially in liquid-phase hydrogena-
tions.

II. Plant accident

In a high-pressure hydrogenation, an unexpected pressure build-up occured
in a 1 m3 hydrogenator, in which a polysubstituted acetonitrile dissolved
in methanol was to be converted over the Raney nickel catalyst to the
corresponding amine. The hydrogenation had been routinely carried out many
times, without such a fault ever occuring. In this accident, the pressure
rose towards the end of the hydrogenation within a few minutes from the
hydrogen pressure held at 100 bar by pressure control up to 190 bar, and
the temperature recorder showed a rise from 130° C to 160° C. However,
there was no damage, since the autoclave was designed for the pressures
and was protected by a relief valve. Due to a defect in the control unit,
the stirrer had failed during this batch.

* Hoechst AG, Sicherheitsiiberwachung, Post Box 800320,
D-6230 Frankfurt 80, Germany
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A gas sample was taken from the gas phase of the autoclave while still in
the cooling phase; this showed a pronounced depletion of hydrogen to about
1/3 of the quantity injected. On the other hand, the formation of hydro-
carbons as well as COp and CO was proved by gas chromatography:

Ho 18 % vo lume
CHg 65 % vo lume
CoHg .6 % voTlume
CH30H 20 % vo lume
(o0} s28% volume
co % volume
N2 4 % volume

The hydrogenated material was examined for yield and quality, but no
significant differences from earlier batches were found. The only
noticeable point was a slight yellow coloration, whereas the solution was

usually clear.

III. Laboratory investigations to explain the unexpected pressure build-up

Thermal stability of the hydrogenation material

The nitrile and amine were checked for thermal stability by means of
differential thermal analysis. To ensure that possible catalytically active
impurities were also detected, control measurements with an addition of

3 % of iron powder and iron(III) chloride powder and/or sodium hydroxide
solution were carried out each time. Whereas the starting material and
end product did not show any exothermic decomposition up to 400° C, the
decomposition temperature was lowered down to 350° C by some of the
additives. However, even this lowering is insufficient to explain the
observed pressure build-up as the consequence of a decomposition reaction
with heat release. Moreover, the unchanged quality of the hydrogenated
material in the batch in question is an argument against any contribution
by the hydrogenation reaction to the accident.

Proof of hydrogenation of methanol over Raney nickel

According to the above results, the unexpected pressure rise must have been
caused by a reaction of the methanol solvent with the hydrogen over Raney
nickel, and the investigations were concentrated on this point. They were
mainly carried out in the 5 liter autoclaves used at Hoechst for adiabatic
storage tests [3]. In additign, some experiments were also carried out in
smaller autoclaves of 200 cm?® capacity [4].

Experiments in the 5 liter autoclaves

In a first test series under 40 bar hydrogen pressure, 300 ml of methgno]
were stored with varying amounts of Raney nickel catalyst in a 400 cm
glass flask in the center of the autoclave. The catalyst was suspended in
thg mgthano] by means of a vertical reciprocating stirrer. If, however,
stirring was omitted, the catalyst settled out at the bottom of the glass
flask. The catalyst had previously been resaturated with hydrogen up to
the saturation equilibrium at room temperature and atmospheric pressure,
for which purpose Hy was bubbled for a prolonged period through the
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Figure 1: Temperature/pressure-time curve of run No. 4. The analysis of the

gas phase yielded 60 % CH4, 1,2°% CZHG and 6 % CO2

vessel temperature

sample temperature

pressure

=—===—F==

Volume 200 cm®
CH,0H 100 ml

Ni 5 g
H, 24 bar

1 1 1 1 0
30 40 50 60 70
time [h]

Figure 2: Tempe;ature/p?essure-time curve of run No. 13. The analysis of the
gas phase yielded 41 % CH,, 10 % C,H., 14 % C.H %
244 C0p and 1,3 % H, ¢ E¥s g ° % Lo
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experimental batch. Before the injection of 40 bar Hp, the autoclave was
repeatedly flushed with hydrogen. Care was taken to ensure constant
temperature, including the autoclave cover.

In the second test series, the moist catalyst previously loaded with Hp
was stored in thick-walled dewar vessels under a hydrogen pressure of

20 - 25 bar. This was intended to simulate the more extensive thermal
insulation of the settled catalyst in the plant autoclave. Because of the
methanol pressure building up, however, these investigations were restricted
to low temperatures and camparatively low hydrogen pressures, and to tests
without stirring. Nevertheless the released heat by the reaction could be
estimated from the measured temperature difference between the sample and
the autoclave considering the specific heat of the dewar flask and the
sample. A similar estimation was performed for the runs with the glass
flasks if a significant temperature rise above autoclave temperature was
observed neglecting the heat losses.

Experiments in the small autoclave

The moist and loaded catalyst was introduced into a glass flask fitting the
inner wall. In contrast to the above experiments, the hydrogen availability
was low relative to the quantity of catalyst. In this case, the object was
to simulate the conditions in a nearly full vessel. Because of the ferro-
magnetic properties of nickel, the otherwise usual magnetic stirring had

to be omitted in these experiments.

The temperature of the sample, as compared with that of the interior of the
autoclave, and the pressure were measured. After cooling of the autoclave,
two gas samples were taken and each analyzed for CHg, COp, CO and Tight
hydrocarbons. Examples of the measured temperature and pressure curves with
time are given in Figures 1 and 2.

Measured results

The particular test conditions and the results are given in Table I. The
quantity of methane found in the gas sample is also listed - Table II gives
the complete analysis - and so is the calculated evolution of methane,
related to the catalyst. The derived specific release of methane is uncer-
tain because of the following observations:

- The internal pressure in the autoclave for storage temperatures above
15Q° C was Tower than was expected in accordance with the pressure
build-up due to the partial pressure of methanol and the volume expansion
of the hydrogen.

At constant temperature, the pressure slowly fell with time.

The final pressure after cooling was 20 to 50 % below the initial
pressure. A small leakage flow during the long test periods may have
contributed to this result.

The only two tests in the small autoclave, which could be evaluated,
showgd a behavior different from that in the above tests. A pressure rise
persisting over several hours was observed (Figure 2). The final pressure
was several times higher than the initial pressure. Apart from methane,
the gas analysis showed high contents of higher alkanes as well as CO and
C0p. The hydrogen was almost completely consumed.
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Figure 3: Methane formation from the reaction of methanol with hydrogen
over Raney nickel
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rigure 4: Heat of reaction of the hydration of methanol over Raney nickel
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IV. Evaluation

An evaluation by the methods of thermal explosion was not possible in this
case, since the condition of adiabatic behavior did not apply for some of
the experiments, and, on the other hand, the temperature in the dewar tests
(restricted to low temperatures) rose by only a few Kelvin and stayed at
that level for several hours, before it dropped again. Vigorous spontaneous
self-heating was observed only in the experiment in Figure 1. Nevertheless,
the pressure curves, and later the analyses, showed that methanol was
indeed converted to methane on the catalyst at all experimental runs
although a deep temperature and pressure rise was not measured. And in
order to prevent a misinterpretation of the measurements the potential
hazard of hydrogenation reactions at higher temperatures was not reproduced
by these experimental results as will be discussed in section VI. The
results were therefore tentatively evaluated independently of the experi-
mental method (with the exception of the small autoclave with insufficient
Hp) according to

- the quantity of CHg formed per g of catalyst (Figure 3)

- heat evolved per g of catalyst (Figure 4)

- heat evolved per quantity of CHq formed (Figure 5).

The test time is not a relevant paremter. Rather, it is assumed that the
reaction proceeds up to an equilibrium state which, in the case of the
quant?ty of methane formed, was related to the maximum sample temperature
and, in the case of estimating the heat evolved, was related to the storage
temperature. The heat of reaction is obtained from the ratio of the two
d¢r1yed results and relates to the respective temperature range. When
fitting the straight line, the tests with the burst dewar and the plant
a;cwdent, which were not adequately characterized by measurements, were
disregarded. i

The reasons for the chosen representation are ex i i
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In addition to the high specific surface area, Raney nickel has a good
retaining capacity for hydrogen. It is said that it can absorb as much as
equimolar quantities of hydrogen [2, 5]. The hydrogen injected under
pressure then ensures continuous reloading of the catalyst during uniformly
proceeding hydrogenations.

The relationship which has been found between the formation of methane and
the reciprocal of the temperature corresponds formally to a shift in
equilibrium:

CH30H + Hp == CHg + H20 (1)

For various reasons, however, the existence of such an equilibrium must be
regarded as improbable. Depending on the amount of catalyst used, the
experiments gave fairly diverse partial pressures of methane, while methanol
and hydrogen were introduced in approximately equal guantities. Moreover,
the back reaction of methane to give methanol would have to be markedly
faster, which is contrary to the experience in methanol synthesis. Further-
more, a depletion of hydrogen, as detected in the experiment in the small
autoclave, would be impossible. On the other hand, the assumption of
methane being formed at a constant rate of formation in the quasi-isothermal
experiments also leads to a contradiction: a subsidence of the reaction
with time was clearly observed (for example Figure 1).

A plausible explanation of the results is conceivable only under the
assumption that poisoning of the catalyst proceeds in parallel with the
formation of methane. This poisoning process must be slow as compared with
the formation reaction of methane, since otherwise it would not be possible,
for example in experiment No. 4, to detect a molar quantity of methane which
is several times greater than that corresponding to the catalyst present.
Plant practice also shows that fresh catalyst must always be added in order
to maintain the reactivity.

In view of the inhomogeneous nature of the catalyst surface [5, 6], only
the particularly active centers with higher heats of adsorption contribute
to the formation of methane at low temperatures. When the temperature is
raised, the chemically active area is enlarged, and correspondingly greater
quantities of methane per unit time can form, whereby the heat release also
increases. The experiments give a number of pointers for such a reaction
sequence: for example, in experiment No. 5 the same reaction batch was
stored at two temperatures, and the gas phase was analyzed in each case.
With the stepwise increase in temperature, renewed and increased formation
of methane started, that is to say further active centers came into play
(Figure 4, measurements marked x).

The reaction according to equation (1) is exothermic by about 115 kd/mole,
if the phase changes are left out of account. The heat of reaction observed
here, of about 12 kJ/mole, is by contrast lower by a factor of 10. The
predominant part of the heat of reaction of about 100 kJ/mole arises when
the Raney nickel is loaded with hydrogen, in agreement with the known heat
of adsorption of Hp on Ni films of 90 - 120 kJ/mole (depending on the
surface cover [6]).

Bock has demonstrated that Raney Nickel leads to a selective elimination

of hydrogen from an alcohol even at temperatures around 100° C: formation
of acetone from propanol [7]. Here in a first, perhaps rate-determining
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step, methanol releases a hydrogen molecule, and this is rapidly followed
by the elimination of a further hydrogen molecule. The two reaction steps
are thermally neutral if the high heat of adsorption of the hydrogen
released is added in. The synthesis of methane from CO and Hp would then
correspond to the conventional use of Raney nickel in the detoxification

of synthetic gas. Whether CO itself or an unduly fast hydrogenation without
sufficient replenishing with hydrogen Teads to poisoning of the catalyst
must remain a speculation.

VI. Application of the plant éccident

In the case of the plant accident, a methane quantity of about 70 % of the
equimolar quantity of catalyst was detected, i.e. the rapidly available
quantity of stored hydrogen was completely converted. Since, within the
short time, reloading of the catalyst from the gas phase proceeded at a
negligibly slow rate, the pressure rose due to the release of methane. The
temperature increase additionally contributed via the rise in the partial
pressure of methanol. Contrary to what would be expected from this
investigation, however, a greater quantity of methane was formed; a
possibe reason may be that the measured maximum temperature was too Tow.

Self-heating as extensive as in the plant accident was not observed in the
Taboratory experiment. The heat build-up conditions applying in the settled
catalyst in the plant vessel were not reproducible in the laboratory
experiment. The plant accident thus corresponds to the most unfavorable
case where the formation of methane comes to a stop only when the retained
hydrogen has been consumed. The decrease in activity of the catalyst with
increasing conversion was more than compensated by the gain in active
centers due to the rise in temperature.

VII. Conclusions regarding the safety of hydrogenation reactions

The investigation has shown that a small quantity of methane is always
evolved at relatively high hydrogenation temperatures, which was proved
by GC analysis for the same hydration reaction afterwards. This passes
unnoticed, since there is no increase in gas volume during the slowly
proceeding reaction. By contrast, a runaway reaction is possible in the
event of an accident, for example stirrer failure, Safe reaction control
must therefore endeavor, by means of temperature control or restriction of

the caﬁa]yst quantity, to Timit the potential heat release in the event of
an accident.

I5 Stirrgr control: Since it is known that Raney nickel can have a
dehydrating action in the event of stirrer failure and can thus lead to an
uncontrq]]ed rise in temperature, stirrer control is necessary. Failure
must trigger an alarm, so that countermeasures can be taken in good time.

2. Temperature Timitation: The gradient of heat production must be smaller
than the specific heat of the mixture.

d/dt .@SH (CH30H + Hp —= CHg + H20)) < Cp (Mixture)
For a safe des1gn, however, the heat release should be increased by the
heat of gdsorpt1on QUe to hydrogen diffusion in later; somewhat
arbitrarily, an additional 50 kJ/mole of methane is assumed for this.
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parts by weight Specific heat Temperature Ijmit
Methanol : Catalyst for safe working

Cp T Tg
[J/K/g(catalyst)] E2C] [RESIE

225 160
200 145
185 130
160 115
90 55

Ty = relative to a heat of reaction of 12 kJ/mole

17 - relative to a heat of reaction of 60 kJ/mole

This condition was not met in the settled catq]yst durjng.the plant
accident, nor in the laboratory experiments without stirring.

imiti nti of catalyst: The quantity of hydrogen retained on
EHeL;T;E;qgczgelgig totg spontanegus evolution of methane of 200 standard
liters/kg of nickel. If settling of the catalyst must be egpected at
temperatures of around and above 90° C (see above}, a possible pressur$ 1
build-up must be Timited by restricting the quantity of catalyst to a leve
in line with the strength of the equipment. For the.exqmple ofilial L, 0™y
autoclave with a free gas space of 0,4 m at a permissible pressure rise
by 20 bar and at a working temperature of 150° C, the amount of catalyst

should be below 25 kg.

ing the thermal stability of the reactants: The above calculations
36 52$C211gw for any possible production of heat by the Qes1red hydrogen-
ation reaction or by the decomposition of the reactants in the eyent of an
accident. Particular care is necessary in the case of.aromat1c nitro )
compounds, where there is a risk of a highly exothermic disproportionation

E9, 101:
olvent: The present investigation is restricted to methanol

ot transferable without restriction to
on will be necessary.

5. Change of s
as the solvent. The results are n . ) ‘
other solvents. In such a case, a further investigati
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CASE STUDIES ON UNSTABLE SUBSTANCES

Accident

Three case studies are given to demonstrate

various aspects of hazards that should be determined
during the initial development of a process, from
the research stage to plant operation. The need for
a formal assessment of hazards at the research stage
is proposed.

INTRODUCTION

The development of a product passes through five distinct stages:-

Research

Process development
Process design
Construction of plant
Operation of plant

A sixth stage, that of demolition of the plant, may also be added if the
whole history of the product and plant is considered.

At the research stage it is necessary to identify hazards that can
reasonably be foreseen in the lifetime of the plant. Hazards may be
associated with:-

Flammability

Explosability

Toxicity

Thermal and pressure conditions
Environmental problems

0,9

*BP Chemicals Ltd, Belgrave House, 76 Buckingham Palace Road, Victoria,
London, SW1W OSU

Table II: Results of gaschromatographic analysis (Vol.-%)

Methane
Methanol
Hydrogen
Methane
Hydrogen




