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Economic context
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Hydrocarbon gas

Cryogenic distillation lonic liquids

Low energy

30 months of UK electric energy demand

Chemical Market Resources

ICIS 2013 Data for 2012 Oil & Gas Journal

Technip March 2014 Chemical Market Resources

Petrochemicals Europe Natural Gas Impact on Resin, Capital & Coste, February 2013



Impact

Ethylene use and capture

Crop growth

Fruit and vegetable ripening agent
Less pollutant/energy impact
Smaller scale applications
Non-traditional/sustainable sources
Biorefineries / recycling

Knowledge of separation technology

Job creation



lonic liquids

Molten salts having a T,, below 100°C

® Negligible vapour pressure

® Designer solvents

Cations
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N
Imidazolium Ammonium
[CnCrnIm]* [C,CnC,CNI*
i
/
Phosphonium
[CnCmeCqP]+

Wasserscheid, P. and Welton, T. lonic Liquids in Synthesis, Wiley-VCH, Weinheim, 2002
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Dicyanamide
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lonic liguids as separating agents

® Transport and storage of AsH;, PH;, and
BF; by Air Products

® Capture of CO, by ION Engineering
® Hycapure™ - Mercury removal from

natural gas

* 99.997% mercury removal
 Commercial operation (30
since 2011

PETRONAS

BASF website
Dalton Trans., 2015, 44, 8617



lonic liguids as separating agents

N At 313 K and 1 bar
- ILs solubilize gases

0 10 20 30 40 50 60

Xgas/10”

® Are unsaturated hydrocarbons always more soluble than saturated ones?
® No systematic studies
® Focus in ethane/ethylene separation

Anthony et al., J. Phys. Chem. B 2005
Jacquemin et al., J. Chem. Thermodyn. 2006
Anderson, Dixon and Brennecke, Acc. Chem. Res. 2007



lonic liquids in hydrocarbon separation

Gas

[C4CoIm][NTT,]
[C+{CzHCHIImMIINTF]*
[C,C.AmINTE]*

[Ca{CaHsCHaIm][NTT]*
[C4CIm][NTT,]
[Ca{CHCeH Im]INTT]*
[CCalm]NTF,]*
[C4CygIm][NTT]
[CC:CNImNTES]*
[IC:CN)LIMIINTT;]
[C4C1CaCNImM][MTIZ]
[C4CCOOCIm][NTT,]
[C1CaCOOC0CIM][NTT:]
[C,CCO0C,0C0C, Im)[NTT]
[C+CaIm][BETI] ||
[CiCam][FAF]
[CCelm][FAF]
[CCAm][DCA]
[CyCalm][DCAT
[C1C3CNIm][DCA]*
[C4CyCCNIm][DCA]
[CiCam][OAe]
[C5Cydm][n-Cy:H5,C00]
[ CyIm][n-C47H5C00]
[C4CoIm][PF]
[C4Calm][PF,]
[C4C3Im][BF.]
[C+C.Im][BF.]
[C4Celm][BF.]
[CaCam][TFA]
[CaCHIm][CyHPO:]
[CaCaIm][C HP O]
[CaC2Im][C:HPOa]
[CCalm][C,HPO,]*
[CaCylm][C,HP O]
[C;CaIm][C;HPO,]
[C4CyImI{C):PO]
[C1C2AmM][{C1)zP O]
[C1CIm][{C5).PO.]
[C1Cam]{C1)zP O]
[C1Calm]{C,):P O]
[C1CHIm][C4504]
*measurements performed in the context of this work

Ethane

Ethene

Ethyne
Propane
Propene
Propyne

Building of a database

Moura, Santini, Costa Gomes, Gas separations using ionic liquids in Chemical Process technology for a sustainable future, RCS book



lonic liquids in hydrocarbon separation

H

Ethane

[C/CoImIINTE]* )

[C4C4Im]INTH, ]+ [
[C4Cglm][NTf,]° H

[C1Cglm][NTH,]

[C1C1oIm]INTS,]

[C4CoCNIM]NTF,]* BH
[(C3CN)oIm][NTF,]* B

[C,C,COOCSIM]INTf,]

[C,C4,COOC,0C,Im][NTf,]

[C,C,CO0C,0C,0C,Im][NTf,]

[C1CoIm][PF¢]
[C1Cylm][PFg]™
[C,C,COOCImM][CsSO,]***

[C1C4ImI[BF,]
[C1C,Im][CF3S0;]

[C,C,Im][FAP]

[C,CeIm][FAP]

lonic Liquid

]

]
[C,C,Im][DCA] ]

]

1]

e

[C1CePyrIINTf,]
[C1C4PyrT]INTF,]*
[C,C,Pyrr][FAP]

[PraeslFAP]
[P(14)666][TMPP]
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Highest solubilities

Little effect of anion

Moura, Santini, Costa Gomes, Gas separations using ionic liquids in Chemical Process technology for a sustainable future, RCS book



lonic liquids in hydrocarbon separation

[C1CoIm][NT,]*

[C4C4Im][NTf]*,**

[C1CgIlm][NTH,]*

[C;C5CNIM][NTH,]*

[C4C4C,CNIM][NTH,)]

[(CsCN)Im][NTF,]*

[C1C4Im][BETI]*®

[C1C,Im][CF,S0a]*

"2,80,C,)C4Im][CF4S0,]*

[C1C4Im][C1SO,4]

[C+C4Im][C;HPO,]

[C1C2Im][C,HPO,]°

[C1C4Im][CHPO;]

[C4C4lm][C,HPO,)®

[C2C4Im][CoHPO,]®

[C+1C4IM][(C4),PO4]

[C1C4Im][(C1),PO,]

[C1C4Im][OAC]

[C1C4IM][TFA]

[C1C4Im][n-C45H3,CO0]

[C4C4Im][n-C47H35CO0]

[C,CsCNImIIDCA] [__#
[C,C,CsCNIMDCAI [T W

[C4C,Im][DCAJ* )

[C4CoIm][PFe]

[C4C4Im][PFg]", ™

[C1C4Im][BF,]

[C1CeIm][BF,]

0

lonic Liquid

5 10

15

[C1CePyr]INTf;]
[C1C4Pyrrl[DCA]” | RN
[C1C4PyrTI[TFA]” | AR
[C4C,4Pyrr][OAc]
‘C1C4Pyrr][C4,HPO,]°

S 2 e ™,
IR EKX

KOO

[N(6)222][NTF>]*
[N¢10y114][INTF]*
[Ny111][INTF]*
[N(a)113l[NTf]*
[Na)114]INTF]*
F1a)eesllN T2
[P(14)666][DCAT*
[P14)e66l[CIT*
[P(14)666l[TMPP]
[P(14)424][DBS]*
[P4444l[TMPP]
[P (5)444][(C2),PO4]"
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® Little effect of anion

Moura, Santini, Costa Gomes, Gas separations using ionic liquids in Chemical Process technology for a sustainable future, RCS book



lonic liquids in hydrocarbon separation

In summar (" \( )
y HyC—CH; |(Hse™™ cH,
For ethane, ethylene, propane and propene
H,C—CH X
\_ 2 2) @3C Csz
o Cr, -
|+ |+
[cn—F;—cp] > [Canle] > @ > N > N
Cq Cq ~Cn cn” cm

¢ Cations with large non-polar domains

® Little influence of the anion



Ethane/ethylene separation

Ethane H;C—CH,

Ethylene H,C=CH,

|Ideal selectivity Mole fraction

X ig
CoHy .
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18

1.0
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B Xy = l '
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XC,Hg (n1 +n2)

Single gas solubility experiments



Ethane/ethylene separation

Ethane H;C—CH,

Ethylene H,C=CH,

2.5}F
CnCm|m+ Goal
2.0r
15 =
N . P +
' @ nmpq
o
1.0t
0.5F A
00 1 1 1 1 1
0 10 20 30 40
-3
Xethene”o

Wasserscheid et al. Chem. Eng. Technol. 2010

Strateqy

Phosphgonium, [P, ,,.]*

® High ethylene an
® Not specific
® Very viscous or solid

hane absorption



Ethane/ethylene separation

Ethane H;C—CH,

Ethylene H,C=CH,

[ | —
CnCm|m+ Goal
2.0r
15 =
N - P +
' @ nmpq
Ll
1.0t
0.5F A
00 1 1 1 1 1
0 10 20 30 40
-3
Xethene/10

Wasserscheid et al. Chem. Eng. Technol. 2010

Strateqy

Imidazolium, [C,C, Im]*

® Higher selectivity
® Easy functionalization, know-how

[NTT,]

® High ethane and ethylene solubility
® Low viscosity, easy to purify, known
properties

Dicyanamide, [DCA]

® Low viscosity, presence of cyano
groups leads interesting
propane/propene selectivity



Choice of ionic liquids

How to increase the ionic liquid-ethylene interactions?

mm-interactions types

® 1r-1r (aromatic or non-aromatic)
® Tr-cation
® Anion-mr
® Polar-mr

®* Metal-1r

Wasserscheid et al. Chem. Eng. Technol. 2010



Choice of ionic liquids

ﬁlnfluence of the length of the alkyl side\
chain of the cation (NTf, anion)

[C,CIM][NTF,]

OO0
/7NN
0

/N@N\/\/

_N @N\*\&\ [C,CaIm][NTT,]

o /

2. Influence of unsaturations in the alkyl
side chain of the cation (NTf, anion)

oW
O\

=N

\N@ \/@ [C,(CH,CoHo)IM][NTF]

[C,(C,H,CH)IM][NTT,]

i 5 [C1(C3HsCH,)IM][NTT,]

”N@\/\/// //

O

6 Influence of cyano groups

FsCu_ // \\ ~CFs [C,C,CNIM][NTT,]
A
o

—=N

N

[C,C,Im][DCA]

[C,C,CNIm][DCA]

/




Solubllity measurements

Isochoric saturation method Gas in v
Pure gas Pure ionic liquid (%
l = ® <
c1 &

—

pVT Mass and p -
measurement volume of the v o
sample ]
VP TP c2
[ Equilibrium Degassing ]
]

pVT
measurement

II

[ tem perature

Solubility ® Accurate and precise measurements
® 1 liquid-gas pair — 1 month




Solubllity measurements

1. Amount of gas in the ionic liquid

ngq _ Pui Vve o peq(vmt _Vliq) ) 7 _ 1 +ﬁ
[Zz(pini =Tini RTini] lZE (p eq=Teq RTeq] RT
Initial amount of gas Amount of free gas
2. Mole fraction
lig
X, = 7— k- I.
(e +n¥)
3. Henry’s law constant
Bp
f2(p=T=X2): ¢2(peq=Teq}Deq (bze AT

K, = Iirrl_} ~
X7 Xo X




Solubllity measurements

Thermodynamic properties of solvation

[Gas solubility] i [ Gibbs energy of solvation ]

!

Variation with the temperature

v d b

[Enthalpy of solvation] [ Entropy of solvation ]

! !

Solute-solvent interactions Structure of solution




Solubllity measurements

Thermodynamic properties of solvation

S I
!

Variation with the temperature

v d b

A H = RT? — ¢ PHK } [ﬁ g* — $SD|VH$ :«.SDNG"T]
&T p’ solv T

! !

Solute-solvent interactions Structure of solution




Gas solubility in 1onic liquids

-3
Xethane or ethene /10

50F - ' - AG = AH-TAS
Asolvl_I B TAsoIvS
15 kJmoI_1 kJmoI_1
O C,Hg|-13.0£0.1 26.3+0.8
18 ® C,H, | -11.9+0.1 24.2+0.7
. vCH, | -11+1 24 + 2
280 300 320 340 00
T IK F3C\S// \\S/CF3
X /7 N7\
C2H4 £ O
a=—%="=1.3 N @
X m—
C2He NN A

® More favorable enthalpy of solvation justifies the higher solubility of ethene

Moura et al. J. Phys. Chem. B 2013



Gas solubility in 1onic liquids

® Ethane and ethylene
close to alkyl chain of
the cation

Ethane Ethylene

® Ethylene closer of the
aromatic ring

® Ethylene more mobile
due to the competition
for multiple solvation
sites

®  Solvation entropy more favorable for ethylene

—N

Moura et al. J. Phys. Chem. B 2013



Gas solubility in 1onic liquids

Ethane Ethylene

® Ethane surrounds the
unsaturation

® Ethylene is found in the
extremity of the alkyl
chain

® Solvation enthalpy more favorable for ethylene

OO0
___-N/G\D\ F3C\S{/ \\S/CFS

NN 7N

Moura et al. J. Phys. Chem. B 2013



Gas solubility in 1onic liquids

-3
Xethane or ethene /10

20F ; : ' AG=AH-TAS
Asolvl_| B TAsoIvS
15 kJmoI_1 kJmoI_1
O C,Hg|-13.0+0.1 26.3+0.8
10 e CH,|-11.9+01 242+0.7
5 mCH,| -10+1 23+1
280 300 320 340 00
T /K F3C\S// \\S/CF3
X /7 >N 7 W\
C-H
=24 _14 A\ © 2
XC,H — @
26 >N

® More favorable entropy of solvation justifies the higher solubility of ethylene

Moura et al. J. Phys. Chem. B 2013



Gas solubility in 1onic liquids

Ethane Ethylene
H,C=CH,

® Ethane is found close to
the equatorial H of the
benzyl group

® Ethylene is found planar
to the aromatic ring,
probably an indication
of an interaction

¢ Solvation entropy more favorable for ethylene, it blocks the cation-anion
interaction sites

OO0

FaG. ## W\ JGF
/\\ 3 \S\ _,S/ 3
—N{ : ) /7 >N\

N O O

Moura et al. J. Phys. Chem. B 2013



Gas solubility in 1onic liquids

[C1Cy4lm]
[C1Cglm
[C1(CoHCH)Im]
[C1(C3H5CH,)Im
[C1(CH,CgHs)Im]
[C,C4Im][DCA]
[C{C5CNIM][NTS,)
[C,C5CNIm][DCA]
[C,C4Im][C{HPO;]

At 313 K and 1 bar

INTH,]
INTf)]
NTT)]
INTf)]
INTH,)]
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O-[C,C,Im][NTf,]
-[C1(CoH,CH)IM][NTT]
®/0O-[C,C,Im][NTf,]
O-[C,C4Im][NTT,]
®-[C,C,Im][NTf,]
V-[C1(CsHsCH,)IM][NTT,]
m-[C1(CH,CgHs)IM][NTT,]
m/0-[C,C,CNIM][NTT,]

» -[C,C.CNIm][DCA]

-[(C3CN),Im][NTT,]
V-[C,C,Im][PF{]
A-[C,C,Im][PF{]
A-[C,C,Im|[C,HPO,]
0-[C,C,Im][DCA]
¢-[C,C,Im][DCA]
0-[C,C,Im][BF,]
0-[C,C,Im][CF3;S0O4]
A-[P4424][TMPP]
O-[P14)666l [ TMPP]
0-[C,C,Pyrr][NTf,]
0-[C,CgPyr][NTH,]



Solubllity vs selectivity

B Ideal
Solubility selectivity
15F
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Conclusions

We chose to study the ethane/ethylene separation:

® Higher economical interest

® Technologically more challenging

Contrary to what is stated in the literature, ethylene is not always more
soluble than ethane, the solubility ranges overlap

Effects in ethane/ethylene and propane/propene separation should be
similar



Conclusions

® Ethane/ethylene separation in selected ionic liquids

® Complex effects — interplay between gas-solute interaction and
structure of the solution

® mm-m and Tr-cation interactions are not specific enough to gain
against what is lost in entropy

® Non specific interactions control the solubility in the carefully chosen
jonic liquids



Perspectives

2 options
More specific interactions Less specific interactions
O\ /H Lit N2+ N@ P N——N
g //P\O' Cu?+ R NN N//

O

! !

Several cycles and pay low

Pay higher price for recycling _ _
price for recycling

[ Interdisciplinary work is necessary to achieve a balance J




Future work
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