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nickel carbonyl formation, and the measures to address
this hazard.

Under the right conditions, many metals will react
with carbon monoxide to form metal carbonyls. Iron
carbonyl, for instance, can exist as monoiron
pentacarbonyl, diiron nonacarbonyl, and triiron
dodecacarbonyl. Tetracarbonyl nickel, or simply, nickel
carbonyl, forms when carbon monoxide reacts with free
nickel metal. While it has its uses in metallurgy, nickel
carbonyl is of interest to ammonia producers because it
is toxic and exposure can lead to fatalities.

Nickel carbonyl and its properties

Nickel carbonyl (Ni{CO),) is a liquid at room temperature,
but it boils at just 43°C. Its lower explosive limit is 2% and
it has a flash point less than -20°C, which makes it a
category 2 flammable liquid (or a class IB flammable liquid
by the National Fire Protection Association system

of classification).

Nickel carbonyl is one of many metal carbonyls, but it
is probably the most toxic. Because its vapour pressure is
high (315 mm of mercury [mmHg] at room temperature),
nickel carbonyl's danger as an inhalation hazard far
exceeds its danger as a flammable liquid. A nickel
carbonyl molecule decomposes into one atom of free
nickel metal and four carbon monoxide molecules, so it
would come as no surprise if nickel carbonyl vapour was
four times as toxic as carbon monoxide. In truth, nickel
carbonyl is far more toxic than that.

In the US, the National Institute for Occupational
Safety and Health (NIOSH) has established the level that
is immediately dangerous to life or health (IDLH) for
nickel carbonyl is 2 ppm. Compare that to the IDLH for
carbon monoxide, which is 1200 ppm. Based on IDLH,
nickel carbonyl is 600 times more toxic than
carbon monoxide.

Perhaps a more important comparison is the
permissible exposure limit (PEL), the level above which
the US Occupational Safety and Health Administration
(OSHA) does not permit exposure in the workplace. For
carbon monoxide, the PEL is 50 ppm averaged over an
8-hr workday. For nickel carbonyl, the PEL is 0.001 ppm
(1 ppb), averaged over an 8-hr workday. That is a
50 000-fold increase in toxicity.

On top of that, nickel carbonyl is a carcinogen. The
safety data sheet for nickel carbonyl requires

three pictograms: GHS 02, flame; GHS 06, skull and
crossbones; and GHS 08, systemic health hazard.

So, nickel carbonyl is dangerous. What makes it a
special hazard for ammonia producers?

Conditions for nickel carbonyl formation
Under the right conditions, nickel carbonyl forms when
carbon monoxide reacts with free nickel metal. On the
other hand, a different set of conditions will cause
nickel carbonyl to decompose into nickel and carbon
monoxide. The Mond Process exploits this
composition-decomposition process to first extract
nickel from impure material in a gaseous form, then
heats the nickel carbonyl gas to force it to decompose,
depositing pure nickel and releasing carbon monexide.
The reaction of carbon monoxide with nickel to
form nickel carbonyl occurs at temperatures of
approximately 50°C to approximately 150°C. The
decomposition of nickel carbonyl into nickel and
carbon monoxide occurs at temperatures higher
than 180°C.

Ni + 4CO = Ni(CO),

Wherever there is carbon monoxide and free nickel
metal, nickel carbonyl will form if the temperature is in
the right range.

Primary reformer

The primary reformer in the ammonia process converts
methane and water into carbon monoxide and
hydrogen, typically over a nickel oxide catalyst.

CH, +H,0 — CO + 3H,

Nickel oxide is not free nickel metal, but hydrogen
will reduce it to free nickel metal. The ingredients to
make nickel carbonyl are there, but the normal
operating temperature in the primary reformer is in the
range of 700 - 1000°C. The normal operating
temperature would force the decomposition of any
nickel carbonyl that formed.

Secondary reformer

The secondary reformer in the ammonia process
converts methane and oxygen into carbon monoxide
and hydrogen,
typically over a
nickel catalyst.

2CH‘1 + O2 —
2CO + 4H,

Unlike in the
[1] primary reformer,
the catalyst in the
secondary
I_ | reformer is already
in the form of free
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nickel metal. So,
the ingredients to



make nickel carbonyl are present in the secondary
reformer. The normal operating temperature in the
secondary reformer is typically approximately

950 - 1350°C. Again, normal operating temperatures are
too high to sustain nickel carbonyl formation.

High temperature water-gas shift

The high temperature shift (HTS) operation in the
ammonia process converts carbon monoxide and water
into carbon dioxide and hydrogen, typically over an
iron-based catalyst promoted with chromium

or copper.

CO+H,0—CO, +H,

Carbon monoxide, but no nickel — usually. Jeff Johns
cautions operators that catalyst manufacturers often
produce different catalysts in the same equipment,
meaning that even non-nickel catalysts may contain
traces of nickel.? And what about temperature? The
HTS operation typically operates at 350 - 370°C, which
is much cooler than the reforming steps, but still too
hot for nickel carbonyl formation.

Low temperature water-gas shift

The low temperature shift (LTS) operation in the
ammonia process also converts carbon monoxide and
water into carbon dioxide and hydrogen. The catalyst is
typically a copper-zinc oxide, and the temperature is
typically 200 - 220°C.

What about materials of construction?
Stainless steels and more exotic alloys with even higher
nickel content are used throughout an ammonia plant.
While there is a widely held belief that the nickel
content of piping and equipment will not lead to nickel
carbonyl formation, that is not true.

In 1976, Jorulf Brynstad of the Oak Ridge National
Laboratory published ‘Iron and nickel carbonyl
formation in steel pipes and its prevention’.!

He concluded that both iron carbonyl and nickel
carbonyl can form in steel pipes. While the amount
formed is a function of several factors, gas flow rate
and pipe surface area are most important.

So, while catalyst is specifically manufactured to
have very high surface area, and is therefore a graver
concern for nickel carbonyl formation,
nickel-containing piping is not without hazard.

CO + H,O0 — CO, + H,

Nickel contamination in the catalyst is still a worry,
and the temperature is approaching that necessary for
nickel carbonyl formation, but with a 50°C safety margin.

Methanator
Before sending the gas stream to the ammonia reactor,
the process first removes residual carbon monoxide and
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carbon dioxide using hydrogen over a nickel catalyst to
convert them to methane and water.

CO +3H, — CH, + H,0
CO, + 4H, — CH, + 2H,0

Temperatures range from as low as 200°C to as high
as 550°C, although the range of 300 - 350°C is most
common. Again, carbon monoxide and nickel are both
present, but the normal operating temperatures are
high enough to keep any nickel carbonyl from forming.

Ammonia reaction

All of the previous steps have led to the creation of a
mixture of hydrogen and nitrogen that reacts over an
iron oxide catalyst at 400 - 550°C to make ammonia.

N, + 3H, — 2NH,

Again, it is normally too hot to make nickel
carbonyl. As for nickel, the catalyst itself may have
traces of nickel; even without traces of nickel in the
catalyst, there has been ample opportunity to carry
nickel catalyst from upstream in the process.

How nickel carbonyl forms in the
ammonia process

Under normal operations, nickel carbonyl does not
form in the ammonia process. The nickel is present, the
carbon monoxide is present, but the temperatures are
too high. Throughout the ammonia process, the
thermodynamics of normal operating conditions force
the reaction in the direction of nickel carbonyl
decomposition.

Unfortunately, ammonia processes do not run
continuously under normal conditions. There are, for
instance, normal shutdowns. Facilities are working hard
to find ways to extend the period between normal
shutdowns, but there is no way to avoid them entirely.
When an ammonia process shuts down, it cools. Instead
of being in the temperature range that favours nickel
carbonyl decomposition, the equipment cools into the
temperature range that favours nickel carbonyl
formation: 50°C to approximately 150°C. It is during this
cool down that workers are vulnerable to exposure to
nickel carbonyl.

Workers are even more vulnerable to nickel
carbonyl exposure during an unplanned outage.
Unplanned outages are also subject to the low
temperatures that lead to nickel carbonyl formation,
but at a time when workers are under the urgent stress
of getting the process up and running again they may
be tempted to risk shortcuts that increase their
potential for exposure.

It is common for workers in the vicinity of syngas to
wear personal carbon monoxide meters. Unfortunately,
there are no equivalent personal meters for nickel
carbonyl. NIOSH Method 6007 can be used to monitor
levels of nickel carbonyl, but requires pulling an air
sample across low-nickel charcoal for as much as
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200 minutes, then testing for nickel with atomic
absorption in a graphite furnace.?

Preventing nickel carbonyl formation

It takes three things to form nickel carbonyl: nickel,
carbon monoxide, and temperatures between 50 - 150°C.
Absent any of those three, nickel carbonyl will not form.
Nickel is always present in the ammonia process, so there
is no helping that. Even a non-nickel catalyst can
reasonably be expected to contain traces of nickel.

That leaves temperature and carbon monoxide.
During normal operation, the carbon monoxide will be
present in the ammonia process, but the temperature in
the ammonia process is too high to form nickel carbonyl.

During a shut down, planned or otherwise, when the
temperature drops, it becomes imperative to ensure that
there is no carbon monoxide present. For hydrocrackers
and hydrotreaters in the petroleum refining industry,
Johns recommends maintaining reactor temperatures
above 200°C until the concentration of carbon monoxide
in the gas flowing through the reactor is below the
threshold that will form > 1 ppb (0.001 ppm) in the reactor.
(Note: 1 ppb [0.001 ppm] is the PEL of nickel carbonyl.) He
also notes that in most reactors, a target carbon
monoxide concentration of less than 10 ppm will ensure
that no more than 1 ppb of nickel carbonyl can
be formed.?

When shutting down an ammonia process, that means
cutting off the natural gas supply to the primary reformer
and to the secondary reformer while temperatures are
still well above 200°C, then leaving the steam and air to
flush the carbon monoxide from the reformers. In the
meantime, the HTS operation and the LTS operation
should continue to run, converting any residual carbon
monoxide to carbon dioxide. The methanator should also
continue to run, converting residual carbon monoxide
back into methane. The objective of this sustained
operation is to drive the carbon monoxide concentration
down to less than 10 ppm before allowing the process to
cool below 200°C.

A target concentration of 10 ppm carbon monoxide is
much less than carbon monoxide’s PEL of 50 ppm. It is the
concentration, though, that will keep nickel carbonyl
from forming at levels that pose a hazard.

Nickel carbonyl: an overlooked hazard

To this day, there are personnel in ammonia production
facilities and other syngas facilities who are unaware of
the hazard of nickel carbonyl. Perhaps they have just
been lucky. It is much better to learn about this hazard by
reading about it than by experiencing it. Nickel carbonyl
is a real hazard, but with care and planning, it can

be managed. WF
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