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Measurement of physical properties of ionic liquid - C02 systems for synthesis of
hydrocarbons from cellulose
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For developing synthesis methods hydrocarbon by hydrogenolysis of cellulose in
ionic liquid supercritical C02 biphasic systems, high pressure densities and C02 solubilities were
measured. Theoretical methods were developed for estimating both CO2 and H2 solubilities in ionic
liquids. An apparatus for designed, built and tested for measuring H2 gas solubility in the presence of
CO02 with ionic liquids. A theoretical metric, denoted as the enhancement ratio (ER) was proposed and used
to assess the increase or decrease that H2 solubility that can be obtained with supercritical CO2. lonic
liquids that dissolve biomass were theoretically assessed with the metric and equations of state. The
enhancement of H2 solubility by C02 was observed from experimental measurements. The properties measured
and the theoretical methods developed allow estimation of reaction conditions for the synthesis of many

types of chemicals derived from cellulose.



CO./H;

Ha

H,

H.
CO;

CO,/H,

(1) Celulose
[amim]Cl (1-allyl-3-methyl-
imidazolium chloride)

(Avicdl)
[omim]Cl  (1-butyl-3-methylimidazolium
chloride)
FTIR XRD

(1]
@

[amim]ClI
[hmim]CI (1-hexyl-
3-methylimidazolium chloride)

[emim][MP] (1-ethyl-3-methyl-
imidazolium methylphosphonate) [emim]
[DEP] (1-ethyl-3-methylimidazolium diethyl-
phosphate) [emim][DMP] (1-ethyl-3-methyl-
imidazolium dimethylphosphate) [bmim][DMP]
(1-butyl-3-methyl-imidazolium dimethyl-
phosphate) [bmim]
[Ac] (1-butyl-3-methyl-imidazolium acetate)

(2, 3]
313-413 K
200
MPa
293-373K
CO;
CO,
CO,
[amim]Cl [emim][MP]
[emim][DEP] MSB
Magnetic Suspension Balance
[4] 323-373 K
20 MPa
H, H,+CO,
H. CO,
H>
H:
Synthetic
313-353K
20 MPa H,+CO,
50:50
- CO,
CO,
2
[amim]ClI-
CO,
313-353K 21 MPa
+ CO,

CO;



[amim]ClI

Hydramotion XL/7-100N
313-353K 20 MPa
(©)
CO,
Hao(+CO,)
Sanchez-Lacombe (SL EoS)

Perturbed-Chain Statistical Associating
Fluid Theory (PC-SAFT)

H, / Enhancement ratio (ER)
H, CO,
(1) Cellulose
Fig. 1 [amim]CI
XRD Segal
50
80 [bmim]Cl

S ol
= 1.00s
g Qg mm--- - .
g _ \ el
%g o. A
S8os} Tl ]
© T~a
o -0
o
a)
O 1 1
0 2 4 6
Time [h]
Fig. 1 [amim]ClI
1
5 wt% ,343K;0,363K; e, 363

K ([bmim]CI [1])
2)

Fig. 2 [amim]Cl

[emim][DMP]
313K 70 MPa

[emim][DMP] 294 K
313 K

1200
t
&
24
2‘1150 3 1
g
A
1100 : . L .
0 50 100 150 200
Pressure [MPa]
Fig. 2 [amim]Cl
Symbols o, 313.4 K; o, 332.7 K;
352.8K; ,373.0K. Lines: £ -mod SL EoS.
CO,
Fig. 3 [amim]Cl CO,
CO,
[emim][MP] [emim][DEP]
- CO,
0.30
S
X 0.20 3
z
E
=
S 010 o 1
)
&)
0 . . .
0 5 10 15 20
Pressure [MPa]
Fig. 3 [amim]C1 CO,
Symbols ©,323 K; 0, 348 K;
,373 K. Lines: £ -mod SL EoS.
H2 H2+C02
Synthetic

Reservoir tank

Fig. 4

Reservoir tank

[emim][MP] H,
H,
CO,
H,:C0O,=50:50
C02 H2



0.03 ' . ;
< 0.02} R P
B: 7 7 e - -
= -3
el P ol
£ 001} 2k
o= %
0 . . .
0 5 10 15
Pressure / MPa
Fig. 4 [emim][MP] H,
Symbols (H,) 0,313 K; o, 333
K; , 353 K. (HytCO,) e, 313 K. Lines:
- CO,
Fig. 5 353 K [amim]CI-
CO,
CO,
313 K
6-9 MPa

10!

100

10! /

Infinite dilution partition coefficient [-]

102 /O/o/‘?'
103 2
104
3 6 9 12 15 18 21 24
Pressure [MPa]
Fig. 5 [amim]CI- CO,

353 K Symbols , chlorobenzene;
bromobenzene; e , benzaldehyde; o, benzyl
alcohol. Lines: ePC-SAFT.

+ CO,

Fig. 6 [amim]Cl+ CO,

313K

CO,

600 T T T

& 400
)
2
.(7) o
Qo
2 200 (e} o o
>
. A R 8 R
0 5 10 15 20
Pressure [MPa]
Fig. 6 [amim]CIl+CO,
Symbols o, 313 K; 0,333 K; ,
353 K.
3)
()

CO,
- CO,

& -modified Sanchez Lacombe
electrolytes
Perturbed-Chain Statistical Associating Fluid
Theory (ePC-SAFT)

H, / Enhancement ratio (ER)

Enhancement ratio (ER)

ER= (rrilz/mzz )T,sz

H,
H,+ 2 (b)
[mol Hy/kg IL] H,+CO,+

3 3)

[mol Hy/kg IL]
CO, H,

ER=1
1
Fig. 7
ER

H,

ER 1



1.10 T T
@
y
2 105} .
g o —
g
=
10F=-====———======— T
g
=
m
0.95 : ’
0 10 20 30
Fugacity of H, [MPa]
Fig. 7 [hmim][Tf;N]-CO,-H,
Enhancement ratio (ER) H,
CO, 0.5 mol COykg IL 313K
20K
[1] M. Iguchi et al., Carbohydr. Polym., 92
(2013) 651.
[2] Y. Sato et al., J. Appl. Polym. Sci., 66 (1997)
141.
[3] H. Machida et al., Fluid Phase Equilib., 264
(2008) 146.
[4] Y. Sato et al., J. Supercrit. Fluids, 19 (2001)
187.
10
1) Y. Hiraga, Y. Sato and R. L. Smith, Jr,

2)

3)

4)

Measurement of infinite dilution partition
coefficients of isomeric benzene derivatives
in [bmim][Tf,N]-CO, biphasic system and
correlation with the ePC-SAFT equation of
state, Fluid Phase Equilib., , In press.
DOI: 10.1016/j.fluid.2015.10.042

Y. Hiraga, A. Kato, Y. Sato, T. M. Aida, M.
Watanabe and R. L. Smith, Jr., Separation
factors for [amim]Cl-CO, biphasic systems
from high pressure density and partition
coefficient ~measurements, Sep.  Purif.
Technol., , 155 (2015) 139-148.
DOI: 10.1016/j.seppur.2015.03.008

Y. Hiraga, A. Kato, Y. Sato and R. L. Smith,
Jr., Densities at pressures up to 200 MPa and
atmospheric pressure viscosities of ionic
liquids, 1-ethyl-3-methylimidazolium methyl
-phosphate, 1-ethyl-3-methylimidazolium
diethylphosphate, 1-butyl-3-methylimidazol-
um acetate and 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, J. Chem.
Eng. Data, , 60 (2015) 876-885.
DOI: 10.1021/je5009679

Y. Hiraga, Y. Sato and R. L. Smith, Jr,
Development of a simple method for
predicting CO, enhancement of H, gas
solubility in ionic liquids, J. Suprcrit. Fluids,

5)

6)

7)

1))

2)

3)

4)

5)

, 96 (2015) 162-170.
DOI: 10.1016/j.supflu.2014.09.010
M. Iguchi, Y. Hiraga, Y. Sato, T. M. Aida, M.
Watanabe and R. L. Smith, Jr., Measurement
of High-Pressure Densities and Atmospheric

Viscosities of Ionic Liquids:
1-Hexyl-3-methylimidazolium
Bis(trifluoromethylsulfonyl)imide and

1-Hexyl-3-methylimidazolium Chloride, J.
Chem. Eng. Data, , 59 (2014)
709-717.

DOI: 10.1021/je5009679

M. Iguchi, K. Kasuya, Y. Sato, T. M. Aida, M.
Watanabe and R. L. Smith, Jr., Viscosity
reduction of cellulose +
1-butyl-3-methylimidazolium acetate in the
presence of CO,, Cellulose, , 20
(2013) 32-40.

DOI: 10.1007/s10570-013-9884-8

Y. Hiraga, A. Hayasaka, Y. Sato, M. Watanabe
and R. L. Smith, Jr., Partition coefficients of

furan derivative compounds in
1-n-butyl-3-methylimidazolium chloride
([bmim][CI])-supercritical CO,  biphasic

systems and their correlation and prediction
with the LSER-6 model, J. Supercrit. Fluids,
, 719(2013) 32-40.
DOI: 10.1016/j.supflu.2012.11.010
16

Y. Hiraga, Y. Sato, M, Watanabe, T. M. Aida
and R. L. Smith, Jr, Measurement and
Correlation of Infinite Dilution Partition
Coefficients for o, m, p-cresol and Related
Benzene Derivatives in [bmim][Tf,N]-CO,
Biphasic System, The 7th international
symposium on ‘“Molecular Thermodynamics
and Molecular Simulation (MTMS’15)”,

2015/08/05-07, Fukuoka University
(Fukuoka Jonan-ku, Fukuoka)
2 5 b 2 Q
, 80
, 2015/03/19-21,
, R. L. Smith, Jr.,
CO,
s 80 ;
2015/03/19-21,
2 5 b 2 R' L
Smith, Jr., H,
CO,

2014, 2014/11/22-23,

W. Endo, S. Baba, Y. Hiraga, Y. Sato, M.
Watanabe, T. M. Aida, R. L. Smith Jr,
Viscosity Reduction of Ionic Liquid
[bmim]CI with Carbon Dioxide, International




6)

7)

8)

9)

Symposium on
Chemical-Environmental-Biomedical
Technology 2014 (isCEBT 2014),
2014/09/10-14, Taipei (Taiwan)
R. L. Smith, Jr, Green engineering for
extracting and processing of Dbioactive
compounds for nutraceuticals, International
Conference on Industrial Pharmacy (ICIP),
2014/08/16-17, Kuantan (Malaysia).
Y. Hiraga, A. Kato, Y. Sato, T. M. Aida, M.
Watanabe and R. L. Smith, Jr., Infinite
Dilution Partition Coefficients of Solutes in
Biomass Soluble Ionic Liquid — Supercritical
Carbon Dioxide Systems, ILSEPT - 2nd
International Conference on lonic Liquids in
Separation and Purification Technology,
2014/06/29-07/02, Toronto (Canada)

, , , R. L. Smith,
Ir, CO, 2

, 2014,
2014/05/30-31,

Y. Hiraga, A. Kato, Y. Sato, M. Watanabe and
R. L. Smith, Jr., Estimation of H, solubility in
ionic liquids — CO, mixtures with equation of
state, International Conference on Ionic
Liquids 2013 (ICIL 13), 2013/12/11-13,
Langkawi Island (Malaysia)

10)Y. Hiraga, A. Kato, Y. Sato, M. Watanabe and

R. L. Smith, Jr., Application of PC-SAFT
Model to Infinite Dilution Partition
Coefficient of Aromatic Compounds in Ionic
Liquid and  Supercritical CO,, the
International Symposium for the 70th
Anniversary of the Tohoku Branch of the
Chemical Society of Japan, 2013/09/28-30,
Tohoku University (Miyagi Aoba-ku,
Sendai-shi)

11)A. Kato, Y. Hiraga, Y. Sato, M. Watanabe and

1)

2)

R. L. Smith, Jr., Measurement of solubility of
supercritical CO, in allyl-based ionic liquid
with a magnetic suspension balance apparatus,
the International Symposium for the 70th
Anniversary of the Tohoku Branch of the
Chemical Society of Japan, 2013/09/28-30,
Tohoku University (Miyagi Aoba-ku,
Sendai-shi)

2
Richard Smith, Hiroshi Inomata and Cor
Peters, Introduction to Supercritical Fluids A
Spreadsheet-based Approach (Volume 4),
Elsevier Science, 2013, 729 (1-729)
Zhen Fang, Richard L. Smith, Jr. and Xinhua
Qi, Production of Biofuels and Chemicals
with Jonic Liquids, Springer, 2013, 337
(1-337)

o

Lee Smith, Jr.

@

®

60261583

Yoshiyuki Sato

50243598

Yoshinao Nakagawa

10436545

Richard



