The Effect of Elemental Mercury on
Engineering Materials Used in Ammonia
Plants

S. Mark Wilhelm
Cortest Laboratories, Inc., Cypress, TX 77429

Jform explosive compounds. Are there ways of preventing these potential hazards?

Introduction

Elemental mercury (Hg) is becoming an increasingly more
prevalent contaminant to natural gas feed stocks due to its
production from various reservoirs around the world, Table
1 shows the origin of gas having mercury contamination from
a variety of locations [/].

In general, mercury contamination of gas streams does not
cause major operational problems for gas production, trans-
portation or processing, at least from the standpoint of en-
gineering. There are, however, environmental concerns from
end use [2]). Environmental issues will not be addressed in the
present discussion.

Several situations have come to notice since 1975 that cause
concern for the gas industry as they relate to mercury contam-
inated gas. One such problem is that minuscule amounts of
mercury in gas can induce liquid metal cracking of a small
group of susceptible alloys. The problem has been manifested
in the brittle failure of values and specialty components in
production equipment.

Secondly, concentration of mercury in LNG and ethylene
plants has presented a range of materials related problems
having to do with aluminum. Lastly, reaction of mercury with
ammonia (or NH; precursors) can deposit potentially explosive
compounds in NH; process equipment.

This paper discusses the following points relating to mercury
and its influence on gas processing and use:

1. Origin and composition of mercury and mercury com-
pounds in natural gas.

Materials degradation mechanisms.

Overview of mercury related equipment failures.
Mercury-nitrogen compounds.

Recommendations for ammonia plant operations.

Wb W

Mercury in Natural Gas

Table 1, as mentioned, provides the concentrations of mer-
cury found in natural gas produced from selected locations
[7]. Mercury is scarce in domestic (USA) supplies but has been
detected in sizable proportions in gas from North Germany,
Algeria and Indonesia. The predominant form of mercury is
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elemental; organic complexes account for less than 2 percent
of produced mercury.

Sampling and detection of mercury is an inexact science and
is considerably difficult with inexperienced personnel. There
can be, therefore, large uncertainties in measured concentra-
tions especially in liquid samples. The theoretical maximum
amount of mercury in gas is estimated by its vapor pressure
at the temperature of the reservoir (see Figure 1). In all known
situations, the actual measured concentration is less (by at least
an order of magnitude) than the theoretical maximum derived
from the vapor pressure. This fact suggests that liquid mercury
is not a coexisting phase in gas reservoirs and offers some
reassurance that elemental mercury particulates will not be
present in produced gas.

Mercury does not form stable complexes with most hydro-
carbon derivatives and is not expected, nor found, to exist as
an organometallic species in any significant quantities.

TABLE 1 ELEMENTAL MERCURY CONCENTRA-
TIONS IN NATURAL GAS

Location ug/Nm®
Algeria (Wellhead) 50-80
Algeria (pipeline entrance) 0.1-89
Algeria (Skikda plant inlet) 0.001-0.65
Groningen (wellhead) 180
Groningen (to pipeline) 12
North Germany (wellhead) 15-450
South Germany (wellhead) <0.1-0.3
South America 69-119
Far East (Pakistan) 3-20
Far East 58-193
Far East 0.02-0.16
Africa (Angola) 0.3-130
Middle East (Iran) 1-9
Eastern U.S. Pipeline 0.019-0.44
Midwestern U.S. Pipeline 0.001-0.10
North America 0.005-0.040
Sumatra, Indonesia 200-300
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FIGURE 1. Saturation concentrations of mercury in
gases and in hydrocarbon liquids.
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Mercury adsorbs readily on production and transmission
equipment surfaces and, therefore, its gas phase concentration
is location dependent, dropping off with distance from the
wellhead. Similarly, mercury has a significant affinity for lig-
uid hydrocarbon and partitions to the liquid phase in conden-
sate separators, sweetening equipment, etc. The concentration
of mercury in coexisting hydrocarbon liquid/methane can be
estimated as shown in Figure 1.

Materials Degradation Mechanisms

Mercury can degrade materials by four basic mechanisms:
1. amalgamation

2. amalgam corrosion

3. liquid metal embrittlement

4, galvanic corrosion

Amalgamation

Amalgamation is the process by which mercury forms liquid
solutions with various metals, primarily aluminum, tin, gold,
silver and zinc. Of these, only aluminum has mechanical sig-
nificance. The affinity of aluminum for mercury is mediated
by the oxide (Al,0,) that protects the aluminum surface. Figure
2 illustrates the typical situation in which mercury contacts the
aluminum oxide surface layer protecting the underlying metal.

FIGURE 2. Amalgamation.

The oxide on aluminum is not homogenous and contains nu-
merous defects. In general, mercury lacks the ability; because
of surface tension, to diffuse through cracks or defects and
hence cannot reach the underlying metal. This lack of wett-
ability, however, can be mitigated by thermal or mechanical
stresses, by chemical environments and by temperature.

In situations in which Hg can breach the aluminum oxide
and wet the underlying surface, the ratc of amalgamation de-
pends in a major way on metallurgical (microstructural) con-
dition. It is observed, for instance, that mercury amalgamates
selectively with weldments and more rapidly with particular
alloys. Table 2 [7] provides a list of aluminum alloys and the
kinetic degree to which they amalgamate with Hg.

The primary manifestation of amalgamation is loss of me-
chanical strength in weldments. Amalgamation does not re-
quire stress nor does it require mediation by a conducting
electrolyte to occur.

Amalgam Corrosion

Amalgam corrosion is the combined action of Hg and mois-
ture on susceptible materials, primarily aluminum and tin. The
difference between this mode of attack and simple amalga-
mation is that the corrosion process propagates with minuscule
amounts of mercury. The reaction scheme is:

Hg + Al—Hg(Al) amalgam 1)
Hg(Al)+ 6H,0— AL,O:-3H;O+ 3H,;+ Hg 2)
Hg + Al—Hg(Al) (D

etc.

Amalgam corrosion regenerates the reactant and hence is
self-propagating. If sufficient moisture and mercury are pres-
ent, aluminum structural components can be penetrated fairly
rapidly. The rate of attack is mass transfer limited but does
not proceed as rapidly as liquid metal embrittlement (LME)
discussed below. Amalgam corrosion is selective to the same
alloys as simple amalgamation, however, it can affect all alu-
minum alloys to some degree.

TABLE 2 COMPOSITIONAL ANALYSIS AND CORROSION TEST RESULTS FOR ALUMINUM ALLOY

SAMPLES
Alloy Mg Mn Cu Zn Bi Fe Si Cr
Designation (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-T) (wt-%) Extent of Corrosion*
99.9% Al — — — — — — — — Yes
Catastrophic, perforating
5083 4.4 0.58 0.04 — — 0.24 —_ — No
300-H18 Trace 0.1-1.5 0.2 — — 0.7 0.5 — Moderate, nondamaging
5052-H34 2.1-2.8 0.1 0.1 0.1 — 0.45 — 0.15 Yes—
0.35  Moderate potentially damaging
7075 W 2.1-2.9 0.3 1.2-2.0 5.1 — 0.7 — — No

6.1

*“‘Yes”’ indicates that catastrophic corrosion was observed.
‘“No”” indicales that it was not.
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FIGURE 3. Delayed failure time vs. applied stress for
202-T3 aluminum embrittiement hy Hg at room temper-
ature.

Liguid Metal Embrittlement (LME)

Liquid metal embrittlement by mercury is distinct from
amalgamation in that ir produces rapid brittle fracture and
affects a much broader range of materials (aluminum, nickel-
copper alloys, brasses, copper alloys, tin alloys, some stainless
steels). The mechanism of LME involves liquid diffusion of
mercury atoms in grain boundaries. Cracks usually initiate and
propagate via the grain boundaries. LME is distinct from stress
corrosion cracking in that no purely electrochemical processes
are involved.

The unusual aspects of LME, as opposed to other fracture
processes, ar¢ that the crack propagation rate can be exceed-
ingly fast and the stress intensity rcquired for crack propa-
gation can be very low. Figure 3 illustrates the rapidity with
which aluminum cracks propagate in smooth tensile specimens
having surface contamination. The limiting crack velocity is
approximately 100 cm/s which is reached due to the limit of
liquid diffusion of mercury (not surface diffusion or vapor
diffusion). In Figure 4, the limiting stress intensity factor for
mercury LME of aluminum is shown. For weldments it can
approach 5 ksi in'"? which translates into a critical defect size
of 1072 mm.

LME is not limited to aluminum but can affect high strength
steels as well. Susceptible materials include 4140 RC 35-40 at
clevated temperature and precipitation hardened stainless steels
also having high strength and high hardness.

Galvanic Corrosion

Galvanic corrosion caused by mercury deposits in normally
corrosive environments has been observed for steels. Mercury
serves to accelerate acid dissolution and to aggravate localized
corrosion such as pitting. The situations in which mercury
deposits contact steel are found in gas/water separators in gas
production and when mercury from gauges contaminates proc-
ess piping in chemical plants.

Mercury Related Failures in Gas Processing Equipment
LME of Aluminum Cold Box Piping (5]

Ethylene plant cold box piping (see Figure 5) has experienced
LME due to contact of elemental mercury with aluminum alloy
5083 weldments. The mercury originated in Algerian feed-
stocks (LNG) that had been processed through the cold box
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for a considerable period of time. The mercury contamination
was detccted ultrasonically and radiographically. Failure oc-
curred upon start-up after a plant shutdown at weldments in
cold box piping.

Many ethylene plants have now installed sulfur-impregnated
carbon filters to adsorb mercury in inlet gas. Methods to clean
existing equipment that may be contaminated have not been
developed as yet. Detection and location of cracks is very
difficult. Acoustic emission shows some promise, but accurate
procedures to measure existing damage are still in the devel-
opmental stage.

LME of Monel 400 Valve Stems and Springs

Valve springs and valve stems of Monel 400 were found to
experience LME upon exg)osure to raw natural gas containing
approximately 100 ug/m- elemental mercury. No condensing
mechanisms (i.e. cold temperatures) were present. Mercury was
delivered to the susceptible pieces by adsorption from the gas
and/or condensate.

Monel 400 has a compesition of approximately 66 percent
Ni, 32 percent copper with minor amounts of iron, manganese
and silicon. Copper-nickel alloys have well known suscepti-
bility to LME by several liquid metals. The degree and rate of
attack increase with temperature. The unusual aspect of the
Monel valve part failures is that extremely low mercury levels
were sufficient to produce a cracking failure. Failure occurred
at approximately 100°C. Evidently mercury adsorbed onto the
metal surface and this amount was sufficient to produce LME.

Amalgam Corrosion of Cryogenic Heat Exchangers in
Skikda (Algeria) LNG Plant [6]

Aluminum heat exchangers (A65 French Standard, 6061
American Standard) experienced amalgam corrosion upon ex-
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FIGURE 4. Crack growth rates at room temperature
alloy 5083.
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Ethylene plant cold box. Location of LME piping failure.

posure to gas containing 0.001 to 0.65 ug/Nm’ mercury. Cor-
rosion occurred at a temperature of 0°C or slightly higher.
The problem at Skikda was due to circumstances in which the
cycle gas stream was between 0°C and the dew point of water,
This occurred only during deriming or plant shutdown. The
deposition of liguid water along with mercury on heat ex-
changer surfaces was required for the corrosion to take place.

Corrosion of Stainless Steel 1]

316 L stainless steel was severely corroded when subjected
to a mixture of CH,, CO,, H,S water and mercury. Both water
and mercury were required. Corrosion took the form of pitting

and crevice attack. The affected equipment was a laboratory
research pressure vessel.

Chemical Reactions of Mercury in Ammonia Synthesis

Mercury-nitrogen compounds are notoriously explosive and
include:

mercury nitride
Hg;N;

mercury (halide) nitride
Hg, X) N
where X=Cl", Br ™, |

mercury hydroxynitride
Hg,NOH

mercury oxynitride
(Hg,N);0

Mercury nitride (Hg;N3) is the most common form of mer-
cury-nitrogen compound. It forms routinely in mercury ma-
nometers on vacuum systems that handle NH; gas and its
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detonation is the source of several laboratory accidents. The
mechanism by which Hg,N; forms is complex, but is known
to require oxidation of mercury. In vacuum systems, moisture
is involved

Hg+H,0—-HgO+H, (3)
4HgO + 6NH;—2Hg;N; + 4H,0 + 5H; 4)

The gas phase reaction of mercury or mercuric oxide with
ammonia has not been studied. Presumably mercuric oxide
would be formed during syngas production and carried through
to the catalyst. Contact with nitrogen compounds at elevated
temperature could then generate the nitride.

Recommendations for Ammonia Plant Operators

Mercury exists and will continue to exist in natural gas feed-
stocks. Because of the difficulties in sampling and analysis,
the exact concentration of mercury in gas feedstocks can be
uncertain. As new and deeper fields are brought on stream,
the chances for mercury, at higher concentrations than pre-
viously encountered, to be processed into syngas and subse-
quently used in ammonia production are finite. Given the
background of the present discussion, several recommenda-
tions are to be noted.

Ammonia plant operators should be aware of the mercury
content of gas feedstocks. This may require special procedures
to analyze gas streams for mercury. Bingham [7] has recently
reviewed mercury detection and measurement techniques in
natural gas production and process streams. Furthermore, op-
erators should be aware of equipment that can remove mercury
if required. In ethylene plants, mercury is removed by sulfur
impregnated carbon which can be used at pressures up to 1500
psi. Removal efficiencies are such that effluent concentrations
of less than 0.1 pg/m® can be achieved. Calgon Corporation
can be contacted for details.

Materials incompatibilities should be avoided. Primarily this
means a close examination of the use of aluminum and nickel-
copper alloys. Generally speaking, aluminum is not found as
a pressure bearing component in any part of conventional
ammonia plants. Copper-nickel alloys are not common either,
however, valve stems, seats and springs occasionally find their
way into process equipment; these should be avoided. Mercury
will not corrode or crack common steels which is encouraging
for the vast majority of equipment.
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Ammonia plant operators should be aware that mercury-
nitrogen compounds are explosive. The kinetics of formation,
the diversity of species (halide, oxy, hydroxy, etc.), the chem-
ical mechanism by which they form and the ultimate disposition
of minuscule amounts of Hg,N; in ammonia plant should be
investigated. There do not exist, at present, sufficient technical
data to assess the possibility of hazards associated with mer-
cury-nitrogen compounds.
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