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Abstract: The density, viscosity, and conductivity of protic ionic liquid (PIL) N,N-dimethylethanolammonium
propionate (DMEOAP) were determined in the temperature range of 283.15-333.15 K. The influence of
temperature on density, viscosity, and conductivity is discussed. The thermal expansion coefficient, molecular
volume, standard molar entropy, and lattice energy of DMEOAP were calculated using empirical and
semiempirical equations. The molar conductivity of DMEOAP was determined from density and conductivity
data. The temperature dependence of viscosity and conductivity data was fitted using the Vogel-Fulcher-
Tammann (VFT) equation. The relationship between molar conductivity and viscosity was determined by the
Walden rule.
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1 Introduction

Nowadays, more and more attention has been paid to the pol-
lution from fuel combustion exthaust.'” So much emphasis has
been put on the clean diesel fuels by most countries, especially
the sulfur content.”™ As a conventional method, the hydrodesul-

furization (HDS) is widely used for the removal of sulfur com-
pounds in the petroleum refining industry.” However, the tradi-
tional extractants used for the desulfurization process are or-
ganic solvents, which are volatile and toxic. So, the finding of
greener, more safe, and efficient novel extractants is necessary
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to replace the traditional ones.

Ionic liquids (ILs) have many advantages, such as low vapor
pressure, thermal and chemical stability, designability, etc.® "
They are considered to be the green solvents that replace the
volatile organic solvents."*" In recent years, ILs applied for ex-
traction desulfurization of diesel fuels have been widely stud-
ied. As the green solvents, the ILs can be designed, which pro-
vides us with more choice for the option of ILs. Nowadays the
ILs used for desulfurization is mainly imidazole-based or pyri-
dine-based ILs. The expensive materials become the main prob-
lems for the industrialization. At the same time, the viscosity
of existing ILs is still very high, which is harmful for the dis-
persion and mass transfer. It is another problem for industrial
application. So the development of novel ILs with cheap mate-
rials, low viscosity, and easily synthesis route is very urgent.

Recently, the authors found that protic ionic liquids (PILs)
not only have the excellent physico-chemical properties of tra-
ditional ILs, but also have the unique advantages, such as high
extraction efficiency, low cost, low viscosity, and easily recy-
cling compared to traditional ILs." The materials of the PILs
are also cheap and the process of the synthesis is simple. At the
same time, PILs are environmentally favorable because their
anions are mostly composed of non-toxic anion such as organ-
ic acids.” ™" PILs have become a potential greener desulfuriza-
tion solvents. However, the lack of physico-chemical properties
data of PILs has become a hinder for their future industrial ap-
plication.

Herein, a PIL N,N-dimethylethanolammonium propionate
(DMEOAP) was synthesized. And some important physico-
chemical properties such as density, viscosity, and conductivity
were determined and discussed. The relationship of the density,
viscosity, and conductivity was built in terms of the Walden
rule.

2 Experimental
2.1 Materials

N,N-dimethylethanolamine (99%, Aladdin, China), Propion-
ic acid (AR grade, Aladdin, China) was provided by Sigma-
Aldrich.
2.2 Synthesis and characterization of the PIL

DMEOAP

The PIL DMEOAP was synthesized and characterized ac-
cording to our previous method.” 'H nuclear magnetic reso-
nance (‘"H NMR) was used for determination of the PIL struc-
ture with dimethyl sulfoxide as the solvent, the other basic pa-
rameters are shown in Fig.S1 (Supporting Information). No im-
purity was found in PIL from the 'H NMR. The water content
(mass fraction) is 486x10°° by a Cou-Lo Aquamax Karl Fisch-
er moisture meter (v.10.06). The structure of the DMEOAP is

listed as below:
o]
® /

NH
HO/\/ N
5

Table 1 Experimental values of density (p), viscosity (i),
conductivity (¢), and molar electrical conductivity (A1)
at pressure p=0.1 MPa and different temperatures

T/K plg-em”) n/(mPa-s) o/(mS-cm') A/(S+cm’ mol )
283.15 1.0290 102.6° 0.580 0.092
288.15 1.0239 75.65 0.750 0.120
293.15 1.0196 55.94 0.949 0.152
298.15 1.0153 43.67 1.18 0.190
303.15 1.0110 33.80 1.44 0.232
308.15 1.0071 26.45 1.73 0.281
313.15 1.0029 21.01 2.04 0.332
318.15 0.9979 17.01 241 0.394
323.15 0.9933 14.00 2.77 0.455
328.15 0.9888 11.62 3.17 0.523
333.15 0.9848 9.743 3.60 0.597

" the calculated value

2.3 Density, viscosity, and conductivity
measurements

The density, viscosity, and conductivity were determined ac-
cording to a previous method at atmosphere.”” The density
was determined by a Westphal balance in the temperature
range of 283.15—333.15 K within experimental error £0.0002 g
-cm”. The viscosity was determined using an Ostwald viscom-
eter in the temperature range of 288.15—333.15 K and the un-
certainties were estimated to be £1% . The conductivity was
carried out on a MP522 conductivity instrument with the cell
constants of 1 cm™' (the cell was calibrated with the aqueous
KCI solution) in the temperature range of 283.15—-333.15 K
and the uncertainties were estimated to be +1%. The experi-
mental values are listed in Table 1.

3 Results and discussion

From Table 1, the density and viscosity decrease with in-
creasing the temperature. However, different from the density
and viscosity, the conductivity shows the inverse trend shown
in Fig.1.
3.1 Density

The density data versus temperature was fitted by following
equation:

p=A+BT (1)

0.98

280 290 300 310 320 330 340
TK

Fig.1 Density of PIL DMEOAP as a function of temperature
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where p is the density; 4, B are fitting parameters. The fitted
equation is p=1.2774—8.79x107*T. The correlation coefficient is
0.999.

The thermal expansion coefficient, a, can be obtained by the
Inp versus T fitted according to a straight line. The fitting equa-
tion is below:

Inp=b—aT 2)
where b is an empirical constant, o is thermal expansion coeffi-
cient. The thermal expansion coefficient is 8.73x 107 K™' for
the sample.

The molecular volume, V,, can be calculated by the follow-
ing equation:

Vw=M/(Np) 3)
where M is molar mass, N is Avogadro’s constant. The value of
molecular volume, V,, is 0.2670 nm’ at 298.15 K.

The standard molar entropy can be estimated according to
the following equation:™

§'=1246.5-V.+29.5 @)
The value is 362.4 J- K™ -mol™ for sample at 298.15 K.

The lattice energy, Usror, was calculated according to the fol-
lowing equation:'

Uror=1981.2(p/M)"*+103.8 5)

The lattice energy value is 468.2 kJ -mol ' at 298.15 K. The
value is lower than that of melt salts. For example, the fused
CsI” has the lowest lattice energy among the alkali halides and
the value is 613 kJ - mol '. This is the reason that the PIL can
exist as liquid state at room temperature.

3.2 Molar conductivity

The molar conductivity data can be determined according to
the following equation:

A=cM-p" (6)
where A is the molar conductivity, o is the conductivity. The
molar conductivity values are listed in Table 1.

The molar conductivity, A, versus temperature, 7, of the ILs
can be fitted according to the following Vogel-Fulcher-Tamman
(VFT) equation:

A=Avexp(—=B/(T-T))) )
where 4,, B are adjustable parameters. The fitting equation is
A=29.23 - exp(—598.7/(T—179.3)). The correlation coefficient is
0.99996.

3.3 Viscosity

Usually, the VFT equation was used for the fitting of the vis-
cosity versus temperature according to the following equation:

1 = noexp(B(T—Tv)) ®
where 7 is the viscosity; 7,, B are fitting parameters. The fitting
equation is #=0.0116 * exp(1296.6/(T—140.5)). The correlation
coefficient is 0.9998, which indicates that the VFT equation
can be used for the viscosity fitting of PILs. Fig.2 shows the
variation of the viscosity versus temperature.

According to the Arrhenius equation, the viscosity versus
temperature can be described as follows:

n=n.exp(E,/(ksT)) ©)
where E, is the activation energy for dynamic viscosity, 7. is

80 -
70+
60~
50 +
40+

n/(mPa-s)

30+
20+
10+

O 1 i1 i 1 i
280 290 300 310 320 330 340
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Fig.2 Viscosity of PIL DMEOAP as a function of temperature

the maximum electrical conductivity, and ks is the Boltzmann
constant.

Recently, Vila et al.”® have built the relationship of the VFT
equation and Arrhenium equation for conductivity. Here, for
dynamic viscosity, the VFT equation and Arrhenius equation
can also be combined according to the discussion by Vila et
al.” and the final version of VFT equation is:

n=1.exp(E/(ks(T-Tv)) (10
here, n=0.. The viscosity activation energy value is 111.9x107
eV.

3.4 Conductivity

Usually, the VFT equation was also used for the fitting of
the conductivity data versus temperature:

o =ovexp(—B/(T-Ty)) (1)
here oo, B are adjustable parameters, B=E,/ks. The fitting equa-
tion is 0=141.8 - exp(—552.2/(T—-182.8)). The correlation coefti-
cient is more than 0.99996, which indicates that the VFT equa-
tion can be used for the viscosity fitting of PILs. Fig.3 shows
the variation of the conductivity versus temperature.

According to the Arrhenius equation, the conductivity ver-
sus temperature can be described:

0=0.exp(—E./(ksT)) (12)
where E, is the activation energy, which indicates the energy
needed for an ion to hop to a free hole, .. is the maximum elec-
trical conductivity.

For conductivity, the VFT equation and Arrhenius equation
can be combined according to the discussion by Vila et al.”

4.0
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Fig.3 Conductivity of PIL DMEOAP as a function of temperature
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Fig.4 Plots of Iny and Ino versus 1/T for PIL DMEOAP
and the final version of VFT equation is:

0 = 0.exp(—E./(ks(T-T))) (13)
here, o=0. and B=E,/ks. The electrical conductivity activation
energy value is 47.65x107 eV.

The Iny and Ino vs T~' were plotted for PIL DMEOAP (see
Fig.4). According to the Arrhenius equations (9) and (12), the
lines should be the straight lines for viscosity and conductivity,
however, the curves are not ideal straight lines in Fig.4 (the
broken straight lines are plotted on the curves). So, the viscosi-
ty and conductivity do not well follow the Arrhenius behavior
according to the Arrhenius equation.

3.5 Walden product

According to the Walden rule, the molar conductivity and
viscosity can be described according to the following equation:

An'=k (14)

lgA=lgk+algn™ (15)
where k is a temperature dependent constant. The variation of
lgA versus 1gy™" is shown in Fig.5 for DMEOAP and [C,py][NTf]
(n=2, 4, 5).” Recently, the authors have studied molar conduc-
tivity and viscosity of the normal ILs [C.py][NT£] (n=2, 4, 5)
using the same measurement. So, the ILs [C,py][NT£] (n=2, 4,
5) were chosen as the references with the desired PIL. The
slope, a, was obtained and the value is 0.925 for DMEOAP.
From Fig.5, the curve of PIL DMEOAP is under the ideal line,”

2.0
The solid straight line is the ideal line
150 for aqueous KCi solution.
= DMEOAP
= 10} e C,pyNTf,
el 4 C,pyNT{, o
€ o
~ 05f v C,pyNTf, \‘V
£ WV
S 1\
» 00 ’0
[=)] =
2 _gs5L "
L]
-
=
-1.0} "
_15 1 1 | s

15 -10 -05 00 05 10 15 20
19(0. 17 (Pas)™)

Fig.5 Plot of 1gA versus gy~ for PIL DMEOAP and
pyridinium-type ILs”

C,pyNTf,: N-ethylpyridinium bis(trifluoromethylsulfonyl)imide;

C.pyNTf,: N-butylpyridinium bis(trifluoromethylsulfonyl)imide;

CspyNTf,: N-pentylpyridinium bis(trifluoromethylsulfonyl)imide

the position of the ideal line is obtained using aqueous KCI
solutions at high dilution.”* It means that the PIL is also “subi-
onic”.* The curve of PIL DMEOAP is also much lower than
ILs [C.py][NT£:] (n=2, 4, 5). The probable reason for this is
that PIL has more tendency of the lower ionic capability than
the traditional pyridine based ILs. At the same time, its special
accumulation structure would also account for this phenome-

non.

4 Conclusions

The density, viscosity, and conductivity of PIL were deter-
mined in the temperature range 283.15—333.15 K. The thermal
expansion coefficient, molecular volume, standard molar entro-
py, and lattice energy of DMEOAP were estimated by the den-
sity values. The VFT equation can be used for the viscosity or
conductivity fitting. The Arrhenius equation cannot be well
used for the fitting of the viscosity or conductivity. The densi-
ty, viscosity, and conductivity relationship can be set up accord-
ing to the Walden rule.

The 'H NMR spectrum of N,N-
dimethylethanolammonium propionate has been included. This

Supporting Information:

information is available free of charge via the internet at http:/

www.whxb.pku.edu.cn.
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Fig.51 'H NMR of N, N-dimethylethanolammonium propionate
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