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With the continued growth in demand for energy and the discovery of vast amounts of
new natural gas reserves worldwide, the need for more efficient, reliable and economical
solutions to allow commercialization of remote natural gas fields and more marginal
stranded gas resources increases. The production of liquefied natural gas (LNG) continues
to be amongst the most successful and most significant technological advancements in
bringing large remote gas fields to markets and in providing a means of international
trade.

Figure 1: [Left] Global LNG demand forecast to 2035. Source: Poten & Partners, 2010. [Right] LNG demand and supply in 2040

is expected to be 2.5 times the 2010 levels. Source: ExxonMobil, 2014.

Amongst the greatest technical challenges currently faced by the LNG industry is the
measurement of trace analytes, specifically moisture and mercury, in gas streams resulting
in their inadequate removal from the system. Within the cryogenic section of an LNG plant,
formation of ice reduces flow capacities and increases the risk of process line blockages
whilst the presence of mercury causes severe damage to process equipment through a
phenomenon known as liquid-metal embrittlement which can eventually lead to the
catastrophic failure of the cryogenic aluminium heat exchangers.
Additionally, apart from compromising product quality, when accumulated to sufficiently
high levels, moisture and mercury pose health and safety risks to plant operators as line
blockages can lead to line ruptures and mercury is a highly toxic chemical. It is therefore
essential for sampling systems used to measure process concentrations of these analytes,
especially for trace amounts, to be accurate, effective and reliable.
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At present, one of the measurement techniques used in industry for moisture and mercury
levels relies on an in-bed sample probe as shown in Fig.2. It typically consists of a steel pipe
whose length spans the diameter of the bed with holes positioned periodically along its
length, and with a wire mesh wrapped around its entire circumference. Gas is drawn
through the mesh, through the holes and then through this probe, and then sent to an
analyser for testing.

II.
Figure 2: [Left] Simplified drawing of a mercury removal unit packed with solid adsorbents.
[Right] Positioning of sample probe in the vessel.

This paper explores the reasons as to why this method for sampling is inefficient and
unlikely to provide accurate, effective and reliable sampling results. Thereafter, the use of
the VE Technology

®

in-bed sample probe which not only provides solutions to the

problems encountered with current sampling methods, but also introduces major
improvements to gas sampling systems, is discussed.
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Figure 3: Simplified typical plant flow for the production of liquefied natural gas.

Natural gas consists primarily of methane with constituents of heavier hydrocarbons and
impurities of nitrogen, carbon dioxide, sulphur compounds, water, and mercury.
Typically, raw natural gas is first transported from gas reserves into an LNG plant through
gas pipelines where slug catchers are used to separate gas from hydrocarbon condensate
and water. An acid gas treatment unit is then used to partially or completely remove carbon
dioxide, hydrogen sulfide and other sulfur-containing impurities from the gas mixture
followed by dehydration units to reduce water vapour content to less than 1 ppmv.
Following the dehydration unit, impurities of mercury are removed in the mercury removal
unit before being sent off to a natural gas liquids (NGLs) recovery unit used to separate out
ethane (C2H5), propane (C3H8), butane (C4H10) and any remaining heavier hydrocarbons
(C5+) from the natural gas.
The purified natural gas consisting mostly of methane is then liquefied by cooling it down
to about -162°C in cryogenic heat exchangers causing its volume to shrink by over a factor
of 600. The resulting clear, colourless and non-toxic cryogenic liquid is then transported
through pipelines into storage tanks also at -162°C ready for loading into specially
designed LNG ships for export.
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Raw natural gas usually becomes saturated with water after sweetening in the acid gas
treatment unit. This moisture must be removed to prevent the formation of ice, which can
lead to blockages downstream in the cryogenic sections of the plant. Typically, the gas
stream exiting the dehydration unit must have a moisture content below 1 ppmv in LNG
processing.
Natural gas is dehydrated by lowering the dew point temperature of water contained in the
gas such that it condenses out. Several methods are used in industry to achieve this. The
most common methods involve mass transfer of water from the gas to another medium;
liquid desiccant dehydration utilises glycol as the liquid solvent, whilst dry desiccant
dehydration utilises solids with a crystalline structure such as molecular sieves. Another
method employs cooling to condense water vapour out of the gas mixture with the
subsequent injection of an inhibitor to prevent hydrate formation. However, this method,
along with the use of membranes, vortex tube and supersonic processes for dehydration
are less common (Mokhatab et. al, 2006).
Solid desiccant dehydrators are usually used in conjunction with liquid desiccant
dehydrators as solid desiccant dehydrators are usually more effective than glycol
dehydrators capable of drying gas to less than 0.1 ppmv (Mokhatab et. al, 2006). A glycol
dehydration unit is frequently used for bulk water removal reducing water content to
around 60 ppmv prior to using a solid desiccant dehydration unit which reduces moisture
content to the final required value.

Figure 4: A photograph of molecular sieve beads of differing pore sizes. Source: Green, 2011.
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In LNG processing, the use of solid desiccants is vital in obtaining very low moisture
content in the natural gas stream. Typically, two or three desiccant vessels are operated in
parallel and the piping system is designed such that one of the beds can be regenerated,
another which has already been regenerated is on standby, and the third one is in normal
operation (AkerSolutions, 2008). Regeneration is performed by passing hot dry gas to
absorb the moisture out of the solid desiccant.

Figure 5: (Edited picture) Typical arrangement of the dehydration beds for the processing of LNG. Source of
original picture: O’Brien Analytical, 2006.

Solid desiccant dehydration systems work on the principle of
selective adsorption. The structure of the solid desiccant is
designed such that only water vapour molecules are adsorbed
onto its surface. Examples of commonly used commercial solid
desiccants include silica gel, molecular sieves and activated
alumina.
Molecular sieves are highly crystalline alkali metal alumina
Figure 6: (Edited picture)Only H2O molecules are small
enough to enter the pores within molecular sieves
used in dehydration units in LNG processing. Larger
molecules are rejected so continue with the gas
flowing down the bed. Source of original picture: KNT
Group, 2011.

silicates and are the most versatile types of solid adsorbents as
they can be manufactured for a specific pore size typically within
the range 3 to 10°A (Mokhatab et. al, 2006) and can therefore be
tailored for a wide range of applications. For the dehydration of
natural gas, they are designed to allow passage of water vapour
molecules alone (which are then retained within the molecular

sieve’s structure) whilst rejecting larger structures (see Fig.6). Though more expensive than
silica gel, molecular sieves offer more effective moisture removal than liquid desiccants.
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Mercury is found naturally in the world’s natural gas fields at concentrations ranging
3

3

from 0.01 µg/m to 5000 µg/m depending on the location (NRDC, 2011). Its removal
from natural gas streams is important as its presence compromises the structural
integrity of many items of equipment in the LNG plant.
Even in small quantities, mercury is well known to cause liquid-metal embrittlement
(LME) of aluminium heat exchangers typically used in the cryogenic sections of LNG
plants. Liquid metal embrittlement is the catastrophic brittle failure of a normally ductile
metal as a result of contact with a low melting point metal like mercury. The liquid
metal adsorbs on to the surface of the metal/alloy subjecting the material to higher
tensile stresses which result in intergranular fractures. At high loads, crack propagation
can be extremely rapid resulting in instantaneous failure. However, failure may also
occur after long periods of time after exposure of the contaminated surfaces to the
liquid metal(s). In any case, the presence of mercury reduces product quality and can
cause failure due to LME, which as a minimum incurs significant repair costs and loss of
production but in the worst case scenario, can lead to catastrophic plant failure.
Additionally, mercury’s mobility and ability to adsorb on to pipeline surfaces and
desorb back into gas streams mean that it is able to migrate to other parts of the plant
and cause further damage to adjacent structures. With the ability to accumulate on
pipeline/process plant surfaces, mercury poses health and safety risks for plant
operators making subsequent maintenance even more difficult.
Finally, reduced mercury content allows the production of higher quality natural gas
liquids downstream of the mercury removal unit. These can then be sold and used for
other applications such as in petrochemical-grade ethane feedstocks or in processes
where low mercury levels are required to prevent catalyst deactivation and other
undesired reactions.
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Several methods are currently used for the removal of mercury from natural gas; these
can be classified as either regenerative or non-regenerative fixed-bed technologies.
Depending on the composition and properties of the raw natural gas, available capital
and operational budgets, and site environmental concerns, the mercury removal unit
(MRU) can be placed at different stages of the process.
1. Upstream of the amine and dehydration units
Installation of the MRU at the plant inlet ensures no mercury contamination in the rest
of the plant. This configuration uses non-regenerative adsorbents, the most common of
which are sulfur-impregnated activated carbon and metal sulfides. Metallic-based
sulfides are preferred over carbon-based sorbents due to the latter being only effective
in the treatment of dry gas. However, improved non-regenerative sorbent technologies
have also been developed and include the use of transition metal oxides and sulfides
(UOP LLC, 2010). The disadvantages of this configuration are the large removal systems
required to treat the large volumes of feed gas and acid gases increasing design and
operability difficulty. Additionally, eventual disposal of the used sorbent can be
expensive as other hazardous materials like benzene and other hydrocarbons are also
trapped by the sorbent (Mokhatab et. al, 2012).

Figure 7: A schematic diagram for up-stream treatment of wet gas using advanced
adsorbents. Source: UOP LLC, 2010.
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2. Downstream of the dehydrator(s)
Non-regenerative technology is also used for this configuration and mercury from the
discharged adsorbents can be removed via vacuum distillation and sold for re-use after
their useful life (UOP LLC, 2010). Placement of the MRU downstream of the
dehydrator(s) requires smaller vessels,
ensures no mercury contamination in
the cryogenic section of the plant and
results in longer adsorbent life due to
the absence of moisture. However,
this arrangement means mercury will
be present in upstream processes, and
non-regenerative sorbent technology
usually requires the same numbers
and sizes of MRUs as dehydration
Figure 8: A schematic diagram for downstream treatment of wet gas using silverpromoted molecular sieves. Source: UOP LLC, 2010.

vessels

introducing

additional

pressure drops to the system.

3. Inside the dryers
New technology such as UOP’s HgSIV regenerative mercury adsorbent (UOP LLC, 2010)
allows the dehydrator(s) to have the dual function of water and mercury removal. A
portion of the molecular sieves within the dehydration units are lined with silver and
contaminant removal proceeds via temperature swing adsorption with the silver
forming an amalgam with mercury whilst the zeolitic structure of the molecular sieve
simultaneously adsorbs moisture in the natural gas. The bed is then regenerated by
passing hot gas at temperatures between 230°C - 300°C through the structure to
remove accumulated water and mercury, which is then bypassed around any cryogenic
equipment and cooled to remove
most of the moisture. A further
development to this configuration
includes the use of a small nonregenerative bed to treat mercury
entrained-gas emerging from the
knock

out

drum.

The

main

disadvantage of this method is it
ignores
produced

the

mercury

during

emissions

regeneration.

However, these are small relative to
Figure 9: A schematic diagram for downstream treatment of wet gas using both
silver-promoted molecular sieves (regenerative) and a smaller non-regenerative
adsorbent. Source: UOP LLC, 2010.

the

amounts

produced

in

the

production of other fuels such as coal
and oil.
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Accurate measurements of mercury and moisture levels in natural gas is necessary for
the correct, economical design of the mercury removal unit (MRU) and the dehydration
unit (DHU), as well as in ensuring product specification and environmental compliance,
and protection of plant equipment. Conservative designs for natural gas and LNG
3

plants require mercury removal to levels below 0.01 µg/Nm (Mokhatab et. al, 2012)
and water removal to levels below 1.0 ppmv (O’Brien, 2006).
Currently, technology used for the measurement of these analytes in MRUs and DHUs
utilising solid desiccants typically consists of an in-bed sample probe made from a
stainless steel pipe whose length spans the diameter of the bed with holes positioned
periodically along its sides, and with a wire mesh wrapped around its entire
circumference. Gas drawn through this probe is then sent to an analyser for testing.
As shown in Figures 10 - 11, the features of the current design produce very unreliable
sampling results as the gas sample extracted for testing is not an accurate
representation of the bulk fluid. Industries using this technology are therefore more
prone to the detrimental effects of the accumulation of mercury and/or water content
as either these substances pass through the system undetected or incorrect levels of
the substances are reported by system analysers.
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Figure 10: Drawings of a typical dehydration unit or mercury
removal bed showing the positioning of the in-bed probe.

The vessel is packed with solid
adsorbents/ molecular sieves to remove
moisture/mercury from the gas stream

Probe inlet
holes

Solid adsorbents

Accumulation of contaminants
and powdered adsorbents
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Contaminants/powdered adsorbents
and even moisture/mercury can get
stuck on the wire mesh.

Figure 11: Drawings of the in-bed probe wrapped with a
wire mesh with inlet holes across its length.

Rough internal
surfaces

Accumulation of contaminants and
powdered adsorbents

Inherent Problems
1.

As the probe spans the width of the "bed" and needs to be structurally rigid, this
leads to the probe having a significant internal volume. Pressurisation magnifies
the problem (gas compressibility) such that the gas volume can be in the order of
750 normal litres. With typical sampling rates and even with the assumption of
“perfect/ideal sampling” – which is impossible with such an arrangement – it
would take approximately half a day just to refresh the sample within the probe.

2.

It is assumed that because the probe spans the width/diameter of the bed, with
inlet holes along its length, then an average of the conditions across the bed is
sampled. However, this is not true for a variety of reasons:
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a.

In an ideal gas flow situation, there will be a preference for “more sample”

b.

The fit of the wire mesh and the adsorbent packing around the holes

to enter from the “sample exit” end of the probe.
influence the balance/evenness of sample flow from each hole.
c.

Molecular sieves, solid adsorbents and other contaminants can block the
holes in the mesh/pipe.

These factors combine so that the true location of the sample being tested is
unknown.
3.

At a typical sample extraction rate of 1 normal litre/min, the sample drawn for
analyses would tend to be biased towards the gas near the exit end of the probe.
This low extraction rate along with the large volume of gas within the probe result
in:
a.

Huge transmission delays.

b.

The creation of stagnant regions within the sample probe generating
further delays and the generation of highly compromised samples.

4.

The mass balance between the sample and the probe internal surface is distorted
to unreasonable proportions such that the sample drawn for analyses is not at all
representative of the bulk flow.

5.

The large surface area between the gas stream and the pipe due to the rough
internal surfaces of the pipe contributes to sample composition alteration due to
adsorption/desorption effects and physical entrapment.

6.

Contaminants and even the substance of interest (i.e. moisture/mercury) can get
stuck on the wire mesh around the pipe then released at a later time introducing
further errors into later analyses.

7.

Molecular sieves, solid adsorbents and other contaminants can typically pass
through the wire mesh due to “powdering” and can therefore further distort the
identity of the sample within the probe.

8.

The absence of surface treatment on the probe internals/sample wetted surfaces
make coating (i.e. SilcoNert) on sample tubing futile.
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®

VE Technology

compatible double
block and bleed valve

Known
sample
point
®

VE Technology inbed sample probe

Figure 12: Drawings of the VE Technology® in-bed probe comprising the integrated VE probe and VE compatible DBB valve.
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Figure 13: [Left] Drawing of the VE Technology®
in-bed probe. [Centre] Cross-sectional view of
the probe showing the constant 2mm I.D.
pathway from the probe tip all the way through
the DBB valve. [Right] An exploded drawing of
the probe tip.

Backing disc

SilcoNert coated
mesh filter
Retaining
ring

Electropolished internals with
additional SilcoNert coating for
mercury sampling.

Sample pathway highlighted in red

Sample volume reduced by over
a factor of one thousand.
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Innovative Solution

1.

Fast response – the VE in-bed probe features a constant 2mm internal diameter
sample pathway from the probe tip to the sample outlet reducing the sample
volume by a factor of a thousand or more, allowing fast, efficient, reliable
sampling.

2.

Accurate sampling – the constant 2mm internal diameter eliminates stagnant
regions and recirculation areas within the sample pathway ensuring preservation
of sample identity.

3.

Known sample location - the VE design allows sampling from up to four different
known locations within the bed and these locations are known exactly.

4.

True sample – the VE probe utilizes a special very fine SilcoNert coated filter to
prevent

moisture/mercury

adsorption

whilst

preventing

particulate

and

contaminant entry into the sample probe. Additionally, the internal sample
pathway is electropolished (with additional SilcoNert coating for mercury
applications) to reduce surface area by up to 90% thereby minimizing surface
reactions, sorption effects and physical entrapments, and therefore preserving
sample identity. The sample pathway and filter can be cleaned in-situ through
backflushing if necessary.
5.

Quality throughout – the VE in-bed probe and sample control equipment feature
electropolished surfaces (with additional SilcoNert coating for mercury sampling)
on every wetted surface area from the probe tip all the way to the analyser to
ensure preservation of sample identity.

6.

Safe and secure – the VE probe features double block and bleed isolation and is
safe and easy to operate.

7.

Wise investment – once installed, the VE probe does not require ongoing
maintenance and can be easily cleaned in-situ if necessary, as opposed to the
conventional method of shutting down the plant or relevant area for
cleaning/blockage removal. This results in huge financial savings and smoother
plant operation.
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