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ABSTRACT
A new process has been developed as a joint collaboration between PETRONAS Research
and QUILL, and covers the removal of mercury from natural gas feeds. The process utilises ionic
liquids to provide a novel active site for mercury capture. The approach incorporates two key aspects:
(i) custom design of ionic liquids with a dual functionality to both oxidise and capture mercury, and (ii)
impregnation of the ionic liquids on an inert porous support as solid-supported ionic liquids, SSILs.
This allows them to be used directly in existing MRU plants without requiring any changes to process
operation, or additional costs associated with plant modification. The efficiency of the SSIL has been
explored in direct comparison with commercial sulfur-impregnated activated carbons and, in laboratory
trials, increases in bed life-time of up to five-fold have been observed.

TABLE OF CONTENTS
i

Abstract

1

Mercury in the Petroleum Sector

1.1

Mercury compounds and speciation in oil and gas streams

1.2

Mercury removal technologies

2

Ionic liquids in the petroleum and petrochemical industries

3

Ionic liquids for mercury removal

3.1

Batch screening from hydrocarbons

3.2

Reactive extraction using ionic liquids containing oxidising anions

4

Scrubbing elemental mercury from gas streams with SSILs

4.1

Heterogenisation as solid supported ionic liquids (SSILs)

4.2

Bench-scale testing of SSILs for mercury removal

5

Outcomes

References
1.

List of References

2.

List of Figures

3.

List of Abbreviations

MERCURY REMOVAL FROM GAS STREAMS USING NEW
SOLID ADSORBENTS
1 MERCURY IN THE PETROLEUM SECTOR
1.1 Mercury compounds and speciation in oil and gas streams
Most naturally-occurring hydrocarbons contain low levels of mercury.1 Depending on the
geological locations, mercury normally exists in natural gas in small quantities as either elemental
mercury or mixtures of volatile elemental and organomercury compounds with typical concentrations in
the range 0.1-200 µg m-3. However, levels as high as 4400 µg m-3 have been reported. Mercury is
harmful to human health and the environment, destructive of process equipment through corrosion,
liquid metal embrittlement of aluminium heat exchangers, and also acts as a catalyst poison. Even
though the concentrations of mercury can be very low, accumulation within process units via
condensation, chemical reactions and amalgamation can occur.
1.2 Mercury removal technologies
Mercury removal from natural gas streams is becoming more challenging because of the need
to reduce elemental, ionic and organomercury species to very low levels. A number of technologies
are commercially available to reduce mercury contents in hydrocarbon feedstocks and products to
meet the specifications for downstream processing.2 The most common of these for treating petroleum
gas and liquid feeds use packed beds of activated carbon impregnated with a catalyst, e.g. sulfur (for
gasses) or iodide (for liquids). Alternative processes include metal sulfides on alumina, and molecular
sieves incorporating silver. However, not all systems are capable of treating the full range of mercury
species in a single treatment.
The reactions by which mercury is removed are usually rapid, and high levels of mercury are
absorbed into the packed bed. However, there are drawbacks:
•

Elemental sulfur is soluble in hydrocarbons, particularly in aromatics, which restricts the use of
sulfur-impregnated carbons to gas scrubbing.

•

Potassium iodide impregnated carbons are sensitive to the presence of moisture, requiring
careful plant control and placement of drying units before the mercury removal unit (MRU).

More recent developments have looked at inorganic routes for the removal of mercury from
gaseous and liquid hydrocarbons based on the reactivity of mercury with some mixed-valence metal
sulfides to form mercury(II) sulfide. These inorganic materials are more expensive than traditional
activated carbons, but have a number of advantages including:
•

The spent mercury absorbent can be recycled through metal smelters.

•

There is little risk of sulfur migration by sublimation or dissolution.

2 IONIC LIQUIDS IN THE PETROLEUM AND PETROCHEMICAL INDUSTRIES
Ionic liquids3 are liquids composed solely of ions (see Figure 1), in contrast to conventional
solvents comprised of covalent molecules, and these, combined with their resultant electrical
conductivity,4 are the defining characteristics of ionic liquids. Their other general properties, such as
little or no measurable vapour pressure, have provided the impetus for the investigation of ionic liquids
as solvents and catalysts for green chemistry. Most ionic liquids possess a majority of the following
properties:
•
•
•
•
•

Wide liquid ranges (typically over 300 °C)
High thermal stability
Non-volatility at room temperature
Non-flammability of the bulk liquid
Controllable co-miscibility with a range of fluids and gasses (including, by design, immiscibility

•

with unsatura
rated hydroca
arbons)
M
Modifiable
so
olubility and extraction ca
apabilities

T
There is en
normous inte
erest in usin
ng ionic liqu
uids to engiineer new processes
p
w
within
the
petroleum and petrochemica
al sectors,5 dating back
b
to th
he reported
d use of molten
tetraalkyylphosphoniu
um and ammonium salts as reacction solventts/catalysts for hydroformylation
reactionss in 1972.6 More
M
recent development
d
ts have been
n reviewed byy Plechkova and Seddon
n.7

c
of ca
ations (top) and
a anions (b
below) that are
a used to fo
ormulate ioniic liquids
Figure 1: Principle classes
(from Ref. 8)

3 ION
NIC LIQUID
DS FOR MERCURY REMOVAL
L
T
The objectiv
ve of our re
esearch prog
gram was to
o determine whether cu
ustom-design
ned ionic
liquids can
c
be used as the bassis of a new
w mercury re
emoval and control apprroach for natural gas
streams.. Optimal io
onic liquids were
w
identifie
ed through a screening program and
d suitable ca
andidates
rapidly d
developed to pilot-scale.
A multistage approach was
w used to fast-track
f
the
e program. Firstly,
F
batch
h contact scre
eening of
mercury extraction by
b ionic liquid
ds from mode
el hydrocarbo
ons was eva
aluated. Hav
ving then sele
ected the
most pro
omising ionic liquids, fro
om a set se
elected with predesigne
ed functionallity, a testing
g régime
comprising of four stages was un
ndertaken, ass shown belo
ow:
F
First stage:
S
Second stag
ge:
T
Third stage::
F
Fourth stage:

Rapid breakthrough scre
eening studie
es with gas streams
s
e validation tests
t
Performance
Laboratory optimisation
o
a scale-up
and
p studies
Pilot plant triials

ng from hyd
drocarbons
3.1 Battch screenin
P
Partitioning studies
s
have
e shown that solvated me
ercury ions (““Hg2+”) prefe
erentially exttract from
9
water to hydrophobic
c ionic liquidss, in contrasst to the norm
mal partitioniing of most hydrophilic
h
m
metal
ions
to the a
aqueous pha
ase. This extraction
e
be
ehaviour can
n be controlled by incorrporating co
omplexing
groups ((functionalityy) into the ionic liquid.10 The high afffinity of ionic liquids for aqueous mercury(II)
has been
n used for an
nalytical proccedures,11 an
nd as the bassis for optica
al mercury ion
n sensors.12
IIonic liquids coated onto
o mesoporou
us silica havve been repo
orted to cap
pture mercurry vapour
from ga
as streams at
a 160 °C.133-15 In the presence of
o oxidising agents (for example potassium
p
mangana
ate(VII)13) and
a
complexxing agents (dicarboxylic acids14), oxidation of
o mercury proceeds
efficiently.
IInitial distribu
ution studiess of elementa
al mercury in
n ionic liquid
d/hydrocarbon mixtures showed
s
a
remarkable intrinsic ability of ioniic liquids to partition
p
merrcury from the liquid hydrrocarbons.16 Mercury
on was exam
mined using liquid/liquid batch
b
contacct tests betwe
een liquid hy
ydrocarbons (either a
extractio
natural g
gas condenssate with me
ercury conce
entrations of 250 ppb, or dodecane containing elemental
e

mercury at concentra
ations of 100
00-4000 ppb)) and an arra
ay of ionic liq
quids. The mercury
m
conccentration
in both tthe ionic liqu
uid and hydro
ocarbon pha
ases was me
easured afterr mixing and
d separation by direct
mercury analysis wiith a Milesto
one DMA-80
0 mercury analyser. Effic
cient extracttion of merccury from
dodecan
ne and natural gas con
ndensate wa
as observed with almostt all the ion
nic liquids examined,
typically with extracttion coefficie
ents greater than 1000, and with the
e mercury co
ontent in the
e organic
phase re
educed to <10 ppb (LOC
C in detectio
on) in a sing
gle contact (see
(
Figure 2 for typicall results).
These re
esults are consistent with
h the observa
ations of Ji et al.13 at elev
vated temperratures.

Figurre 2: Total me
ercury conce
entrations me
easured in th
he two phase
es (open barss, ionic liquid
d; filled
bars, na
atural gas co
ondensate), after
a
liquid/io
onic liquid con
ntacting, of a natural gass condensate
e sample
(me
ercury concentration = 25
50 ppb) with four
f
representative ionic liquids ([C4mim][(EtO)
m
P 2)],
2PS
1-butyl-3-methylimidazolium die
ethoxydithiop
phosphinate; [C4mim][SC
CN], 1-butyl-3
3-methylimida
azolium
thiocyanate
e; [C4mim][O
OAc], 1-butyl--3-methylimid
dazolium eth
hanoate; [C2mim][HSO
m
4],
1-ethyl-3-methylimid
dazolium hyd
drogensulfate
e). Excellent partitioning of mercury frrom the hydrrocarbon
ph
hase to the io
onic liquid exxtractant is demonstrated
d
d in each cas
se.
H
However, th
he limiting fe
eature was found to be
e the relativ
vely poor so
olubility of elemental
e
mercury in the ion
nic liquids. Even in th
he best casses, such as
a with com
mmercially available,
a
3-methylimida
azolium thio
ocyanate ([C4mim][SCN
N]), the ma
aximum mercury solubility was
1-butyl-3
determin
ned to be <1 wt% in the io
onic liquids. This is too lo
ow for practic
cal in situ scrrubbing.
3.2 Rea
active extraction using ionic liquid
ds containing oxidising anions
T
The solubilitiies of mercury(II) ions an
nd compound
ds in ionic liq
quids are much higher tha
an that of
elementa
al mercury. Ionic mercu
ury species are readily extracted
e
fro
om hydrocarrbons to ionic liquids.
The extrraction proce
esses of Ji et
e al.,13 usin
ng an oxidising agent to perform a reactive
r
extrraction of
elementa
al mercury as
a mercury(III), offered an
a alternative
e approach to conventio
onal mercuryy capture
processe
es with sulfur or sulfide-im
mpregnated supports.
B
Based on the
ese observattions, it was anticipated that
t
an ionic liquid design
ned to incorp
porate an
oxidising
g function would
w
lead, on reactio
on with ele
emental merrcury, to the formation
n anionic
mercurate(II) specie
es. 199Hg N
NMR spectro
oscopy16 ca
an be used
d to examin
ne the form
mation of
uids after rea
action with elemental me
ercury. Figurre 3 shows the
t 199Hg
mercurate(II) anions in ionic liqu
pectra of two ionic liquidss, used for gas
g scrubbin
ng (as described below), after contaccting with
NMR sp
elementa
al mercury. In both casses, a single mercury signal
s
is ob
bserved (other than the external
standard
d) and corre
esponds to the chemiccal shifts ob
btained for the respecttive anionic species,
demonsttrating that (ii) mercury is dissolved in
n the ionic liq
quids and (ii) it is in a uniq
que complexxed Hg(II)

form.

e 3: 199Hg NM
MR spectra o
of two ionic liiquids, A and
d B, after con
ntacting with elemental mercury,
m
Figure
showing distinctive
e 199Hg NMR
R signals with
h chemical sh
hifts corresponding to tho
ose from purre ionic
liquids.

4 SCR
RUBBING ELEMENT
TAL MERC
CURY FRO
OM GAS STREAMS
S
S WITH SSILS
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S
Supports we
ere impregnated with ionic
c liquid and sscreened forr mercury exttraction. The
e mercury
contentss, measured after breaktthrough, are
e shown in Figure
F
7. The SSILs sho
ow good cap
pacity for
mercury capture. Att breakthroug
gh, the mercury capture
ed by the SSILs approa
aches 70-75% of the
theoreticcal capacity based on the
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oxidation to mercurry(II) and in
ncorporation into the ion
nic liquid
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Figure 7: Re
elative mercu
ury uptakes on
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H
Having defin
ned the optimal support and ionic liquid combin
nation from the initial sccreening,
material was then taken thro
ough extens
sive laborato
ory optimisa
ation and characterisat
c
tion, and
subsequ
uently progressed to pilot testing.

5 OUT
TCOMES
P
Pilot plant sttudies are in progress. SSILs
S
are efffective for mercury extrac
ction from ga
as feeds,
retaining
g the extracctive capability of the parent ionicc liquids. SS
SILs can be used as a direct
replacem
ment for the
e current ad
dsorbents in existing MRUs without process or
o plant mod
dification.
Benefits of our new
w generation of mercury adsorbents are higher efficiency, service
s
longe
evity and
robustne
ess, and the
ey represent both a sig
gnificant imp
provement to
t the health and safetty of the
workforcce, and adde
ed protection
n for the en
nvironment. We believe this will be the first commercial
demonsttration of ionic liquids in this
t
field.
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