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lonic Liquids as Working Fluids in Chemical and
Energy Engineering

Qsaor

graduate school in

advanced optical technologies

Potential of ionic liquids (ILs) in various technical applications such as ...

.. Supported lonic Liquid Membranes (SILMs) for the separation of
carbon dioxide (CO,) from nitrogen (N,)

Bulk lonic Liquid
@ e @ — @ — @ Selectivity of separation o

Absorption Diffusion Desorption

@

Scosi Deo,i

OLCOz,Nz =

@ QOZIL l p@ SNyl Do

@ n. ‘ p@ SgasL SOlUbility of gas in IL

Dgas IL*

Mutual diffusivity of gas and IL

= Reliable and accurate thermophysical data for ILs and their mixtures
with dissolved gases are of economic and practical importance

International Forum on Recent Developments of CCS Implementation, Athens, March 2015

Slide 3



Q)
Materials and Sample Preparation QA/\OT
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Homologous series of
1-alkyl-3-methylimidazolium  combined with tricyanomethide or tetracyanoborate

cations anions
_ * n=1: [EMIM]* ~ oNn I - il
[T\ n = 3: [BMIM]* | NP4
NS — . + C B
\(\/X n = 7: [OMIM]* W N ™
[XMIM]* n=9: [DMIM] - [TCM]- ~ [TCB]-

[TCB]—-based ILs: transparent samples by own synthesis or
from Merck KGaA, Germany (sample purity > 99%)

[BMIM][TCB]
by own synthesis

[TCM]—-based ILs:
semitransparent samples from IoLiTec lonic Liquids
Technologies GmbH, Germany (sample purity > 98%)

 [BMIM][TCM] ...

: : : L f loLiT
= laser heating effects due to light absorption romiotiee
transparent [BMIM][TCM] by own synthesis (sample purity > 99%) ...by own
— applicable for light scattering experiments synthesis

Sample preparation:
Filtration with syringe filter (pore size 250 nm), degassing with vacuum pump (4 h, 0.5 mbatr,
50°C), water content by Karl Fischer titration before and after experiments (typically < 1000 ppm)
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U-Tube Densimeter — Density
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Measurement principle:
Change of natural
frequency of system
tube and fluid

P

C
P

\
e D> /‘

~

hidﬁ density — low tone

Oscillating U-tube Density Sensor
DMA 5000 from Anton Paar GmbH

measures true density
no influence of buoyancy in air
no influence of gravity
minimum amount of sample
approx. 1 ml
measuring range
Oto3g-cm™
accurac
density: +5x 10° g - cm™
temperature: 10 mK
repeatability s.d.
density: 1 x 10°g - cm™
temperature: 1 mK
measuring temperature
273 to 363 K
pressure range
<1to 10 bars
extremely fast
1 to 5 minutes/measurement
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Density of [TCM]—- and [TCB]—-Based ILs at Atmospheric
Pressure as a Function of Temperature
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Representation of experimental data by fit pg, = pg +p4T + p2T2
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Abbe Refractometer — Refractive Index QA}OT
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Measurement principle: Abbe refractometer R 6000 G
Determination of angle of total from Leo Kuebler GmbH

reflection (C”t_|C3-| angle (_xcrit) direct access to refractive index of fluid ng
between prism and fluid at sodium vapor line Ap = 589.3 nm

No conversion necessary

s .
minimum amount of sample
B Nfyig

approx. 1 ml

measuring temperature
27310363 K

extremely fast
about 5 minutes/measurement

Snell’'s law:
Nfyid = Nprism Sin(x-::n't
access to wavelength dependence

of refractive index
m mean dispersion obtained from
AN ng—nN¢
AN A —Ag

with Fraunhofer lines F (A = 486.1 nm)

shadow boundary and C (Ac = 656.3 nm)
seen through the telescope
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Refractive Index of [TCM]—- and [TCB]—-Based ILs at \/OT
Atmospheric Pressure as a Function of Temperature e

dpt Ithlg

Representation of experimental data by fit ny g, =ny +n,T
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Experimental uncertainty Ang (k = 2) 0.0005
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Guarded Parallel Plate Instrument — Thermal Conductivity QA}OT
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Measuring principle based on the ideal form of the Fourier-law of heat conduction

sample

thickness d and area A

Q
lower plate T,

apparatus is designed to fulfill as close

) : ; . Specifications
as possible the ideal one-dimensional ] ]
form of the Fourier-law measuring raqge: 1 sample size:
A 0.01-10W-m"-K"' @& 85mm,d=0.5to5mm
Q= (T =T} temperature range: uncert?mty:_
250 t0 400 K smaller than 3% achievable

pressure range:
up to 10 bar
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Thermal Conductivity of [TCM]—- and [TCB]—-Based ILs at \/OT
Atmospheric Pressure as a Function of Temperature e

dpt Ithlg

Representation of experimental data by fit L.z =X + AT
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Prediction of the Thermal Conductivity of ILs as a "\QA}OT
Function of Temperature AR
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}\’c,prediction(T) = [A +

c M: molar mass of IL
B J( p(T) j A = 0.0960 W-m-=- K-

P23k ) \ P29zisk B =21.43 g?-.cm-W-m-K--mol
C=0.826
0.22 | | T ! I e
X Literature data
0.20 - - wr
X [TCM] -based ILs X .-
v 018~ TCBI-basedILs T
£ 0.16 [ A - .
= 0141 S -
({ e . ”
012 F +10% g .
o ax 469 data sets
010 :/a"" "",:';i'oo/o fOI’ 53 ILS n
0.08 el | ! | | |
0.08 010 012 0.14 0.16 0.18 0.20 0.22

) ] ‘1 ] '1
}“c,predictions W-m-1-K

Root mean square (rms) deviation between experiment and prediction 6.32%
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Pendant Drop Method — Surface Tension Q_A/\OT
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Laplace's equation for curved interfaces (exposed to a gravitational field)

op 2 Apgz sing

s R ) Z
¢ ...angle
Ap ... difference of the densities of the drop and air
c ... Interfacial or surface tension
g ... acceleration of gravity
R ... radius of curvature at a point P (¢, z)
S ...shape line
X, Z... axes

Temperature-dependent measurements in cell with optical accesses

equation numerically - o has to be
adjusted to match the measured and
calculated shape of the drop
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Surface Tension of [TCM]—- and [TCB]—-Based ILs at
Atmospheric Pressure as a Function of Temperature e

advanced optical technologies

Representation of experimental data by fit o, = oy + ;T
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Light Scattering by Surface Waves — Viscosity and %01'
Surface Tension e
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Scattering Geometry Spectrum of Scattered Light

large viscosity (Y < 0.145) - two frequency unshifted lines
small viscosity (Y > 0.145) - Brillouin doublet

I
incident light : reflected light S
: K )
VAN ¥ -
surface wayes ! 2 4n’q
(ripplons) I K
amplitude ~ 10 n}n ' scattered
wavelength light
4vg? 2vg? 7 4vg?
/
- o i 0
scattering vector k—(s /p)1/2q3/2—0-;—(0 /p)2g¥2—
0

3 e v: kinematic viscosity; o: surface tension; p: density
=N T Rg

= msin(@/2)cos(8 +0/2)
Aq (first order approximation)
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Dynamic Viscosity of [TCB]—-Based ILs at Atmospheric %01'
Pressure as a Function of Temperature e s
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Representation of experimental data by Vogel type equation ng =1q exp(B /(T - C))

4 | | | ] | | | |
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= 4L v m o § B i
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Experimental uncertainty An/n (k = 2) typically less than 3%
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Light Scattering from Dispersed Particles — Dynamic "\QA}OT
Viscosity e e
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Scattering Geometry Spectrum of Scattered Light

caused by local statistical fluctuations

in the particle concentration
scattering volume
seed particles

S(m) dense fluid phase in the
5 t hydrodynamic regime
incident k| transmitted
kgT
DP =
3nnd

Stokes-Einstein relation

2
interference pattern 4 DP q
(speckle) D 1
: Q =
ligh » P >
scattered light Ig(t) u“gﬁv Tq
scattering vector g =k, —Kj| > O
®g
q= 4-m-n sing (Dp: particle_ diffus_ion cc_)efficient, n: dynamic viscosity;
Ao 2 d: hydrodynamic particle diameter; kg: Boltzmann'’s constant;

T: temperature; 1. decay time)
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Dynamic Viscosity of [TCM]—- and [TCB]—-Based ILs at
Atmospheric Pressure as a Function of Temperature

\/OT
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Representation of experimental data by Vogel type equation ng =mng exp(B /(T - C))
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Experimental uncertainty An/n (k = 2) less than 5%
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Dynamic Viscosity of Binary Mixtures of [BMIM][TCB] with
Dissolved CO, at about 293 K and Various Gas Pressures
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Silica particles dispersed by 0.0025 vol-% in IL

Mole fraction of dissolved CO,, Xco,, calculated from solubility data in literature

n, mPa-s

measurement cell

48
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a1

:

K M

6
laser power, mW

8

S RO

12

pure IL
@® 0.0025 vol-%

— Fit, 0.01 vol-%

IL+ COo

P p=8.35-8.26 bar
(ongoing absorption)

p=4.38 -4.35 bar
(Xco, ~ 13.7 mol-%)

p =8.69 - 8.61 bar

p = 8.26 - 8.21 bar

p =7.14 bar

(Xco, ~ 19.4 - 22.4 mol-%)

XROO O
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Light Scattering from Bulk Fluids — Mutual and Thermal "\QA}OT

Diffusivity
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Scattering Geometry

scattering volume

incident k| transmitted

scattered light Ig(t)

scattering vector q=|k, —Ks|
4.1-n . O
N o2

Spectrum of Scattered Light

caused by local statistical fluctuations of temperature,
concentration, and pressure in thermodynamic equilibrium

S(o)

(a: thermal diffusivity; D: diffusion coefficient; cg: sound velocity;
Ds: sound attenuation; S: Landau-Placzek ratio)
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Mutual and Thermal Diffusivity of Binary Mixtures of "\QA}OT
[BMIM][TCB] with Dissolved CO, e e
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Dis, 109°m?2 s

Mole fraction of dissolved CO,, Xc,, calculated from solubility data in literature

1_8 L} L) L) L} 1 L] L) L 110 I L] I L) L} I L] 1

16 } " _. 1

2| } - .goI | i _

10 | i o |
£ 80 |
»
0.8 | % i 2 i
06 } + A © 70 | ) i
® 302.99 K ® 302.99 K
0.4 F ®312.92K ] o0 | ®312.92K ]
0o | m322.88K_ m 322.88K |
' A 332.89K A 332.89K
0.0 1 1 1 1 1 1 1 1 50 L 1 L 1 1 1 1 L
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
XCOz XCOz

Experimental uncertainties AD,,/D,, and Aa/a (k = 2) typically less than 10%
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Conclusions %OT
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Reliable determination of a large variety of thermophysical properties of
pure [TCM]—- and [TCB]—-based ILs as well as their binary mixtures with
dissolved carbon dioxide by DLS and conventional methods

Measurement of thermal conductivity of pure ILs (283 to 353 K, 44./4, < 5%) at
atmospheric pressure with a steady-state parallel plate instrument and development
of a simple prediction method for the thermal conductivity of arbitrary ILs as a
function of temperature

Determination of surface tension of pure ILs (283 to 353 K, do/oc < +2%) at
atmospheric pressure by pendant drop method

Determination of dynamic viscosity of transparent [TCB]—-based ILs (283 to 353 K,
An/n typically <+3%) at atmospheric pressure by light scattering from surface waves

Access to dynamic viscosity of transparent [TCB]—-based ILs and semitransparent
[TCM]—-based ILs (283 to 353 K, An/n < £5%) via the determination of the particle
diffusion coefficient by light scattering from dispersed particles

Mutual and thermal diffusivity of binary mixtures of ILs with carbon dioxide (303 to
333 K, 4D,,/D,, and Adasa typically <+10%) accessible by light scattering from bulk
fluids over a wide concentration range with low experimental uncertainties
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