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ABSTRACT: The density, viscosity, and conductivity were investigated for binary mixtures of water and BU\+ /BU _
three ionic liquids (ILs), respectively: (3-aminopropyl) tributylphosphonium 1-a-aminopropionic acid salt P Br-HBr

([aP4u3][Ala]), (3-aminopropyl) tributylphosphonium L-a-aminoisovaleric acid salt ([aP443][Val]), and
(3-aminopropyl) tributylphosphonium L-@-amino-4-methylvaleric acid salt ([aP,;][Leu]). The mole

2N

Bu (CH2)3NH2

fractions of water increased from 0.00 to 0.75, and the temperature varied from (298.15 to 343.15) K. It

was found that the viscosity decreased while conductivity increased with the increase of temperature and water content. As the
alkyl side-chains of the amino acid anions which might play a role of steric hindrance were lengthened, the density (p), viscosity
(n), and conductivity (o) follow the order of plpssss)ian] > Plapssas)ival] > Plapasss]iLen) Mapasas](ala] < Mapasas](val] < M[ap44a3][Leus
and O(,psaa3][ala] > Olapa443][Val] > OfaPa4a3][Leu]s TeSPectively. The temperature-dependent density is fit for the quadratic equation.
The temperature dependence of viscosity and conductivity can be described by the Vogel—Tammann—Fulcher (VTF) equation.

1. INTRODUCTION

The emission of carbon dioxide from burning fossil fuels is the
main cause of the greenhouse effect which threatens the envi-
ronment and sustainable development. Worldwide scientists
focused their attention on attempting to find efficient methods
to capture CO, produced by the industrial process." So far, the
most effectively utilized reagent to separate CO, is an aqueous
solution of alcohol amine to form carbamates.””* However,
these alkaline solutions have some serious drawbacks, including
volatility, corrosion, and high energy consumption.s’6 There-
fore, it is important to seek sorbent materials with favorable
characteristics such as high capacity, stability, and energy saving
for CO, absorption.”

In recent years, functional ionic liquids (ILs) offered alter-
native candidates to develop new CO, capture systems. The
first synthesized amino-functionalized IL which is based on the
imidazolium structure was utilized for the chemisorption of
CO, with a saturated mole ratio of 1:0.5.° A series of tetrabutyl-
phosphonium ([P(C,),] [AA])® and dual amino-functionalized
phosphonium ([aP ;] [AA])"® based amino acid ILs and their
absorption behaviors of CO, were carried out subsequently.
Unfortunately, the ILs became viscous after the uptake of
carbon dioxide which is disadvantageous for further satu-
ration from a kinetic viewpoint. To enhance the diffusion
rate of carbon dioxide, ILs were coated on a porous silica gel
with improved repeatability and stability. The nonvolatile
macromolecular solvent PEG 200'" was also added into ILs
as a liquid support to increase the kinetics of the absorption
and desorption of CO,. It was reported that small quantities
of water could dramatically decrease the viscosity of the
ILs.'* Thus, a mixture of water and ILs might result in an
attractively low viscosity. But, up to now, the properties of
the binary systems of ILs plus water have not been reported
systematically.
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In this work, we reported accurate data for the density, vis-
cosity, and conductivity of binary mixtures containing water
and three different ILs, respectively: (3-aminopropyl) tributyl-
phosphonium L-a-aminopropionic acid salt ([aP,4,;][Ala]),
(3-aminopropyl) tributylphosphonium L-a-aminoisovaleric acid
salt ([aP4443][Val]), and (3-aminopropyl) tributylphosphonium
L-a-amino-4-methylvaleric acid salt ([aP,4;][Leu]) from
(298.15 to 343.15) K with the mole fraction of water varied
from 0.00 to 0.7S5. Futhermore, the carbon dioxide absorption
by the water + [aP,4;][Ala] binary system was investigated.

2. EXPERIMENTAL SECTION

Chemicals. Tri-n-butylphosphine, 3-bromopropylamine hydro-
bromide, acetonitrile, ethanol, n-hexane, and anion exchange
resin 711(Cl) were of analytical grade and produced by Beijing
Chemical Reagent Plant. Three natural amino acids, namely,
glycine (Gly), L-leucine (Leu), and L-valine (Val), were of bio-
technology grade and purchased from Beijing Solarbio Science
& Technology Co., Ltd., China. Carbon dioxide (purity of 99.9 %)
was purchased from Beijing Hua Yuan Gas Chemical Industry Co.,
Ltd. The procedure for the synthesis of [aP,,,;][AA] was similar
to the reaction route reported'® (see Figure 1). The structures of
the ILs studied in this work are shown in Figure 2.

The final products obtained were dried in a vacuum oven
containing P,Og at 353.15 K for 48 h to remove the residual
water prior to use. The water content in the final ILs was below
50 ppm which was analyzed by Karl Fischer titration (Metrohm
756 KF coulometer). The structures of ILs were proved by
"H NMR (Bruker MSL 600) and in good agreement with the
literature.'® The purity of these three ILs in mole fraction is not
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Figure 2. Structures of [aP,;][

less than 99 %. The binary systems of water and ILs were pre-
pared gravimetrically using a precise analytical balance (Mettler
Toledo AE 160) within an accuracy of 0.0001 g. In this process,
a magnetic stirrer was used to mix the binary systems. All of the
samples were prepared soon before density, conductivity, and
viscosity measurements.

Density Measurements. The density was measured at
atmospheric pressure using a U-type densitometer (Anton Paar
DMA 5000, Anton Paar Co., Austria). This instrument was
fully automated; therefore, the temperature was controlled with
an automatic thermostat with an accuracy of + 0.001 K. The
precision of the density apparatus was within 1-10™° g-cm™,
which was calibrated with dry air and ultrapure water.

Viscosity Measurements. The dynamic viscosity was
investigated in a Paar AMVn (Anton Paar Co., Austria) viscosity

meter, in which the falling time of a ball through liquids was
measured according to Hoppler's falling ball principle. This
instrument was controlled by a computer, and the temperature
was controlled by a built-in precise Peltier thermostat. The un-
certainty of temperature was = 0.01 K. At that time, the absolute
room pressure was approximately 101 kPa. The repeatability of
the viscosity measurement was about + 2 %.

Conductivity Measurements. The electric conductivity
was determined by a conductivity meter (DDJS-308A, Shanghai
Leici Company) with a DJS-1C electrode. During this experi-
ment, caution was taken to prevent evaporation, and the
electrode and the solution were sealed in typical glassware, which
was immersed into a constant temperature oil bath with an
accuracy of + 0.05 K. The uncertainty of the conductivity data
was + 1 %.

Absorption of CO,. About 1.0 g sample was placed in a
typical glass container and agitated with a magnetic bar at room
temperature, then CO, was fed into the container and bubbled
at the flow rate of 60 mL-min~" at atmospheric pressure. The
amount of CO, absorbed was determined at regular intervals by
the analytical balance.

3. RESULTS AND DISCUSSION

The experimental density, dynamic viscosity, and conductivity
of the water + [aP,y,;][Ala], water + [aP,44;][Val], and water +
[aPys][Leu] binary systems over the temperature from
(298.15 to 343.15) K and different mole fractions of water
are listed in Tables 1 to 3.

Density. From Tables 1 to 3, it can be seen that the density of
the pure [aP,4;][AA] ILs varies from (0.97186 to 0.98675) g-cm™
at 298.15 K. Compared with the corresponding pure
pyridinium, ammonium, or imidazolium ILs, they are somewhat
lower, which is mainly due to that the larger [aP,,;] cation
results in weakening ion—ion interactions and blocking ion

Table 1. Density, Viscosity, and Conductivity for H,O (1) + [aP,;][Ala] (2)

T/K
n 298.15 303.15 313.15 323.15 333.15 343.15
plgem™
0.00 0.98675 0.98372 0.97765 0.97162 0.96571 0.95977
0.25 0.98847 0.98539 0.97918 0.97304 0.96697 0.96089
0.50 0.99140 0.98827 0.98201 0.97581 0.96957 0.96330
0.75 0.99998 0.99676 0.99022 0.98357 0.97689 0.9701S8
n/mPa-s
0.00 804.88 561.40 291.07 164.61 106.70 65.96
0.25 597.85 417.93 22226 127.07 78.92 53.07
0.50 429.73 304.20 163.31 95.01 59.30 39.29
0.75 208.66 150.37 83.45 50.38 32.59 2227
o/uS-cm™
0.00 140.54 209.48 320.17 464.38 648.92 884.08
0.25 244.02 320.27 487.22 727.42 1009.56 142091
0.50 336.97 438.62 702.72 1054.78 1465.65 1926.06
0.75 646.65 859.12 1341.31 1953.28 2647.87 3335.13
1058 dx.doi.org/10.1021/je2007549 | J. Chem. Eng. Data 2012, 57, 1057—1063
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Table 2. Density, Viscosity, and Conductivity for H,O (1) + [aP;][Val] (2)

T/K
1 298.15 303.1S 313.15 323.15 333.15 343.1S
plgem™
0.00 0.98072 0.97768 0.97157 0.96545 0.95950 0.95354
0.25 0.98282 0.97976 0.97359 0.96739 0.96139 0.95537
0.50 0.98718 0.98404 0.97771 0.9715S 0.96534 0.95905
0.75 0.99589 0.99265 0.98616 0.97959 0.97296 0.96629
n/mPa-s
0.00 1015.49 695.04 350.86 192.24 114.05 72.45
0.25 734.22 508.12 259.52 145.61 87.86 56.87
0.50 505.63 335.23 184.22 102.76 65.77 43.81
0.75 237.96 168.93 92.15 56.03 36.96 24.58
6/uS-cm™
0.00 81.52 109.69 187.92 294.17 446.83 649.85
0.25 115.58 157.99 252.89 392.39 562.95 858.39
0.50 168.36 237.13 400.58 634.87 930.12 1318.09
0.75 414.03 54691 853.15 1277.62 1832.06 2579.12

Table 3. Density, Viscosity, and Conductivity for H,O (1) + [aP,4,;][Leu] (2)

T/K
X 298.15 303.15 313.15 323.15 333.15 343.15
plgem™
0.00 0.97186 0.96880 0.96268 0.95654 0.95054 0.94458
0.25 0.97397 0.97091 0.96475 0.95856 0.95254 0.94654
0.50 0.97804 0.97490 0.96861 0.96252 0.95626 0.94999
0.75 0.98711 0.98389 0.97744 0.97088 0.96427 0.95761
7/mPa-s
0.00 1227.86 855.26 417.90 224.29 130.46 81.01
0.25 920.24 629.98 308.75 169.80 101.73 65.08
0.5 599.52 407.91 209.07 116.62 7242 4747
0.75 244.81 174.05 94.21 55.71 35.35 23.97
o/uS-cm™
0.00 79.97 108.38 184.80 290.68 413.53 604.67
0.25 113.85 154.09 254.27 379.37 542.22 760.79
0.50 172.94 231.71 361.93 51826 735.34 1035.21
0.75 395.26 515.17 794.73 1161.62 1610.12 2138.18
packing.">™"* The difference in the anions with the same [aPyu;][Ala] > [aP,yy;][Val] > [aPyu4s][Leu], which is consistent
[aP4443] cation in the ILs leads to different densities. Figure 3 with prior reports that the density decreases with alkyl side-chains
reveals that the density of pure ILs followed the order of length of the amino acids anions.”*®
0.99
—o—[aP,,J[Ala] Table 4. Parameters of Equation 1 and Standard Deviation
008 —o—[aP, JVal] Density Correlation of H,O (1) + [aP,,;][AA] (2)
—4—[aP,,JlLeu] standard
Ay Ay A, deviations
» 097 | 1L 1 g-cm_3 107* g-cm_3 1077 g-cm_3 1075 g-cm_3
§ [aP,][Al] 000 11913  —7.6148 2.5257 2.13
'g 095 L 0.25 1.1927 —7.4743 2.0972 1.79
050 11754  —6.1601 —0.1244 2.08
0.78 1.1619 —4.3831 —3.5096 1.89
095k [aP,s][Val] 000 11895  —7.8334 2.8002 3.13
0.25 1.1936 —7.9055 2.7977 3.99
0.50 1.1800 —6.6630 0.6566 4.98
0.94 L A ' A " 0.75 1.1621 —4.7009 —2.9269 7.70
290 300 310 320 330 340 350
[aP,s][Leu] 000 11812  —7.8458 27727 272
X 025 11842  —7.8701 27569 3.59
Figure 3. Density variation of the pure [aP,;][AA] ILs with 050 11621  —6.1333 —0.1396 592
temperature. 075  1.148S —44172 —3.33589 117
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Figure 4. Density for the binary systems as a function of temperature over different mole fractions of water: O, 0.00; O, 0.25; A, 0.50; V, 0.75.

Figure 4 shows that the experimental density for the binary
systems, as a function of temperature at different compositions.
The density decreases with higher temperature, while increases
with the increase in water content. The temperature-dependent
density (p) can be fitted by the quadratic equation as follows:

p=Ag+ AT + AT? 1)

where p stands for the density, T is the absolute temperature,
and Ay, A, and A, refer to the fit coefficients. The adjustable
parameters of eq 1 for the density of [aP,;][AA] and standard
deviations are listed in Table 4.

Dynamic Viscosity. The viscosity is strongly dependent
on the type of anion and cation. As illustrated in Figure S, the
relationship of the pure ILs is [aP,;][Ala] < [aP45][Val] <
[aP,.s][Leu] (804.88 < 1015.49 < 1227.86 mPa-s) at 298.15 K.

The viscosity of the [aP,;][AA] ILs is also strongly affected by
the alkyl side-chains of [AA]™. The mobility of the ILs decreases
with the lengthening of the alkyl side-chains of [AA]~, and this
leads to the highest viscosity of [aP,4;][Leu] among three ILs
investigated. The viscosity values of the three pure [aP,,;][AA]
ILs are somewhat higher than those reported by Zhang et al,'’
where the water content was not mentioned. However, the order
of the viscosity is the same.

Unlike density, the influence of temperature on viscosity is
much more important. The viscosity can drastically decrease
with temperature, especially at lower temperatures (Figure 6).
Such as, pure [aP,,;][Val] has a viscosity of 1015.49 mPa-s at
298.15 K, which decreases to 350.86 mPa-s at 313.15 K and
114.05 mPa-s at 333.15 K, respectively. The temperature

1200 | —a—[aP,_l[Leu]
—o—[aP,  ][Val]
1000 - —e—[aP,_l[Ala]
800 |
e
< 600
E
=
400 |-
200
0
290 300 310 320 330 340 350
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Figure S. Viscosity variation of the pure [aP,;][AA] ILs with
temperature.
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Figure 7. Temperature dependence of viscosity by the VTF equation:
1 =10, 000; O, 025; A, 0.50; Y, 0.75.
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Figure 6. Viscosity for the binary systems as a function of temperature over different mole fractions of water: [J, 0.00; O, 0.25; A, 0.50; V/, 0.75.
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Table 5. VTF Equation Parameters of Viscosity for H,O (1) +
[aP,u;5][AA] (2)

Mo B T,
IL 7 mPa-s K K R?
[aPyy4;][Ala] 0.00 0.5809 654.7 207.71 0.999
025 0.4795 648.8 207.18 0.999
0.50 0.3453 668.1 204.54 0.999
0.75 0.3240 576.1 209.15 0.999
[aP,;][Val] 0.00 0.4671 703.7 206.64 1.000
025 0.4063 687.9 206.49 0.999
0.50 0.6109 545.9 216.85 0.999
0.75 0.4422 526.1 214.50 0.999
[aP,443][Leu] 0.00 0.3044 8242 199.00 0.999
025 0.4134 696.0 207.94 0.999
0.50 0.1191 902.9 192.23 0.999
0.75 0.3071 589.9 209.93 0.999

Table 6. VTF Equation Parameters of Conductivity for H,O
(1) + [aPyy;][AA] (2)

[ B T,
IL n 10° uS-cm™! K K R?
[aP ;] [Ala] 0.00 40.65 5462 200.79 0.999
0.25 54.18 504.4 205.57 0.999
0.50 55.03 437.9 212.50 0.999
0.75 39.95 279.3 230.60 0.999
[aP,443][Val] 0.00 62.22 648.9 201.38 0.999
0.25 63.66 604.6 203.86 0.999
0.50 63.84 501.1 214.35 0.999
0.75 178.64 623.5 196.45 0.999
[aP,443][Leu] 0.00 49.9 632.5 200.36 0.999
0.25 34.51 517.9 207.96 0.999
0.50 537.13 1270.6 140.04 0.999
0.75 72.08 488.4 204.66 0.999

Table 7. Saturated Absorption Capacity of Water +
[aPy,;][Ala] with CO, at Atmospheric Pressure and Room
Temperature

0.00
0.46

0.25
0.57

0.50
0.73

0.75
0.40

V4
Mco,/My,

dependence of the viscosity (77) values for the water + ILs can
be described by the Vogel—Tammann—Fulcher (VTF) equation:'”

B
n_%exP[T—To] @)

where T is the absolute temperature, 77, (mPa-s), B (K), and T,
(K) are adjustable parameters, and T, is related to the ideal
glass transition temperature. Figure 7 gives an example of tem-
perature dependence of viscosity which is linearized by taking the
logarithm of VTF eq 2. Therefore, this equation can be used to
predict viscosity values among the temperature range measured.
The best-fit parameters for viscosity over the temperature range
studied are tabulated in Table S.

The relationship between viscosity and mole fraction of water
at different temperatures is shown in Figure 8. Apparently, the
viscosity of the three ILs decreases rapidly with the increasing
mole fraction of water, especially at lower temperatures. For
example, at 298.15 K, when equal amounts of water were added,
the viscosity of pure [aP,;][Ala] (804.88 mPa-s) decreases
to 429.73 mPa-s, while it only decreases to 65.96 mPa-s from
39.29 mPas at 343.15 K.

Conductivity. It is well-known that the conductivity is
related to both the number of charge carrier ions and mobility,
which can be expressed by the following equation'®

6= Z niu;q; 3)

where n;, g, and y; are the number of charge carriers, charge,
and mobility of pure component i. As illustrated in Figure 9, the

——[aP,_ J[Ala]
800 f- —o—[aP,, ][Vl
L —4—[aP, J[Leu]
600 |
g 3
% 400 |
200 |
0 L L L L L
290 300 310 320 330 340 350
TIK

Figure 9. Conductivity variation of the pure [aP,,;][AA] ILs with
temperature.

conductivity relationship of the pure ILs is [aPu;][Ala] >
[aP,;][Val] > [aPu,;][Leu] (140.54 > 81.52 > 79.97 uS-cm™)
at 298.15 K. The main reason is that conductivity is dependent
on the mobility of ILs and decreases with viscosity.

The temperature dependence of conductivity of the mixtures
is shown in Figure 10. As is observed, the conductivity increases

800 | [aP,  ][Ala] —o—298.15K 1000 |-
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s
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——333.15K
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@
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Figure 8. Variation of viscosity vs mole fraction
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of water for binary systems at different temperatures.
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Figure 11. Temperature dependence of conductivity by VTF
equation: y; = [, 0.00; O, 0.25; A, 0.50; V, 0.75.

with the increasing of temperature. The VTF equation for con-

ductivity is
] )

where 0y, B, and T, are constants. In Figure 11, the natural
logarithm of o versus the inverse of absolute temperature for
water + [aP,,43][Val] binary system, that is, In & versus 1000 T,
is plotted. The best-fit parameters for conductivity are summa-
rized in Table 6.

The conductivity for the water + IL systems versus the mole
fraction of water at different temperatures is shown in Figure 12.
It increases with the increase in water content, especially at low

—B

G = O exp| ———
o]

temperatures. In ILs, a three-dimensional network of anions and
cations linked by hydrogen bonds could be formed," and the
aggregate structures of the ILs are broken when water was added
which would promote the dissociation degree of the ILs.

The VTF equation parameters (T,) of viscosity and con-
ductivity are summarized in Tables S and 6 in which the values
of T, for the pure ILs agree with the experimental T, values'®
within experimental error. From the equation parameter (Tj),
we also find that T, deduced from either viscosity or con-
ductivity is approximately close. So we can predict the glass
transition temperature either from the temperature dependence
of viscosity or that of conductivity.

In the view that [aP,;][Ala] has the lowest viscosity among
those three ILs, the absorption of CO, by the water + [aP,4;][Ala]
binary system was investigated, and the results are summarized in
Table 7. From the table we can see that the saturated absorption of
CO, kept increasing when the mole fraction of water is less than
0.50, while decreasing at 0.75, which means appropriate water
could improve the absorption behavior.

4. CONCLUSION

In this work, the density, viscosity, and conductivity of water +
[aP ;] [Ala], water + [aP,4,;][Val], and water + [aP,,;][Leu] sys-
tems were studied under different conditions. In these three binary
systems, the [Ala] anion led to the highest density and lowest
viscosity. It was also demonstrated that viscosity and conductivity
were more sensitive to the changes in water content or temperature
than density. The viscosity decreases while conductivity increases
with the increase in temperature and water content. The tem-
perature dependence of density is consistent with quadratic
equation and is proved to be linear during the temperature range
investigated. The temperature-dependent viscosity and conductivity
can be described and predicted by the VIF equation.

2800

sso0
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Figure 12. Variation of conductivity vs mole fraction of water for binary systems at different temperatures.
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