
ISSN 0036-0244, Russian Journal of Physical Chemistry A, 2023, Vol. 97, No. 7, pp. 1466–1474. © Pleiades Publishing, Ltd., 2023.

PHYSICAL CHEMISTRY 
OF SOLUTIONS
Study on Electric Conductivity of Quaternary
Ammonium Ionic Liquids

Quan Liua, Xuan Zhoua, Song-Ru Yangb, Wu Zhanga, He Liua, Ce-An Guob,*, and Jian Zhangb

a Shenyang Ligong University, School of Material Science and Engineering, Hunnan New District,
Shenyang, Liaoning, 110159 China

b Shenyang Ligong University, School of Equipment Engineering, Hunnan New District,
Shenyang, Liaoning, 110159 China

* e-mail: 373055507@qq.com
Received September 12, 2022; revised November 25, 2022; accepted November 28, 2022

Abstract—In this paper, the effects of temperature, organic solvents (benzene and toluene) and halogen
salts on the electric conductivity of the four kinds of quaternary ammonium salt-type AlCl3 ionic liquids,
including phenyltrimethylammonium chloride, benzyltrimethylammonium chloride, benzyltriethylam-
monium chloride, benzyltributylammonium chloride, and tetramethylammonium chloride, were studied.
The experimental results showed that the conductivity of each ionic liquid system tested rises with increas-
ing temperature. Among all the tested systems, the TMPAC-AlCl3 system shows the highest conductivity
and lowest value of apparent activation energy calculated according to the Arrhenius equation of
19.29 kJ/mol. The addition of benzene (or toluene or ethylbenzene) to ionic liquids induces a considerable
increase of the electric conductivity in mixed systems with a rising volume fraction of benzene (or toluene
or ethylbenzene), and then when each kind of mixed system has about 50 vol % of benzene (or toluene or
ethylbenzene), its electric conductivity generally reaches the highest value of 14.5 mS/cm. Among all of
the alkaline halides tested, the solubility of LiCl in TMPAC-AlCl3 has the highest value, which has a max-
imum value of approximately 50 g L‒1. At temperatures above 60°C, the electrolyte containing 2 g LiCl has
the highest conductivity of 7.45 mS/cm, when the concentration of LiCl in the electrolyte is close to satu-
ration.
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INTRODUCTION
Room-temperature ionic liquids or room-tem-

perature molten salts are molten salt systems consist-
ing of specific anions and cations that appear as liquids
at or near room temperature [1, 2]. Compared to solid,
traditional liquid materials, it exhibits unique physical
and chemical properties and functions, making it a
new media class [3, 4]. In recent years, due to their
unique physical and chemical properties, such as high
electrical conductivity [5], low saturation vapor pres-
sure [6], good solubility [7], adjustable acid and base
[8], good chemical thermal stability and other excel-
lent properties [9], ionic liquids have received wide-
spread attention, considered a new generation of green
solvents, and widely used in electrodeposition and
other fields [10, 12].

According to their different cationic structures,
three types of ILs have been considered suitable baths
for electroplating/electrodeposition of Al: alkyl
imidazole, alkyl quaternary phosphonium and alkyl
quaternary ammonium [13, 14]. Chloroaluminates

are the simplest compounds consisting of. They are
usually made by mixing AlCl3 (anhydrous) with lL
containing halides (i.e., Cl–, F–, Br–, I–). Although
AlCl3-BPC and AlCl3-[EMIm]Cl ionic liquids have
been extensively studied as electrolytes for the depo-
sition of aluminum, there are still many difficulties in
their application [15, 16]. Alkylpyridine is easily
reduced as a cation, shortening the electrochemical
potential window of the ionic liquid. AlCl3-
[EMIm]Cl ionic liquids are not as easily reduced as
the pyridine ion, but the highly exothermic and
costly reactions between the AlCl3 and [EMIm]Cl
components greatly limit the application of this elec-
trolyte in many fields, especially in engineering.
Quaternary ammonium salt compounds have
attracted a large number of researchers and engineers
due to their ease of synthesis, low cost, good ionic
conductivity, and high electrochemical stability [17],
such as the compound trimethylphenylammonium
chloride (TMPAC). The ILs formed from AlCl3 and
TMPAC have electrochemical stability comparable
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to that of AlCl3-[EMIm]Cl, and the conductivity of
AlCl3-TMPAC is comparable to that of AlCl3-BPC,
but lower than that of AlCl3-[EMIm]Cl [15, 18]. It
also has a low melting point, for example, for a 2 : 1
molar ratio of AlCl3-TMPAC, the melting point is as
low as –75°C [19, 20].

As a representative of quaternary ammonium-
based ILs, trimethyl-phenyl-ammonium chloride and
anhydrous aluminum chloride (TMPAC-AlCl3) IL
has been employed for electroplating of Al. However,
the low conductivity of TMPAC-AlCl3 IL makes it fall
short when used as the electrolyte for Al electroplat-
ing. In previous studies, it was found that benzene, tol-
uene and ethylbenzene each exhibited good inter-sol-
ubility with ionic liquids, which reduced the viscosity
of the original system, enhanced its f luidity and
increased its conductivity [21, 22]. For example, the
conductivity of TMPAC-AlCl3 IL can be improved by
introducing benzene into TMPAC-AlCl3 IL [10]. As a
consequence, the capability of TMPAC-AlCl3 for
electroplating Al has been greatly promoted. Up to
now, the impact of the addition of benzene is studied
on the addition of benzene to the effect of TMPAC-
AlCl3 ILs conductivity, and electrode-AlCl3 ILs con-
taining 50 vol % are the electrodeposition of alumi-
num, and it yields relatively dense aluminum coating.
Yin Xiaomei et al. reported the electrical conductivity
of TMPAC-AlCl3 ILs is affected by the cost and tem-
perature [23, 24]. The results show that when TMPAC
and AlCl3 molar ratio is 1 : 2, the electrical conductiv-
ity of TMPAC-AlCl3 ionic liquid conductivity is the
largest and good metallic crystalline Al coatings are
observed by galvanostatic deposition of Al by using
TMPAC-AlCl3 IL with 50 vol % of toluene. Wang
et al. reported the relationship between the conductiv-
ity of AlCl3-BMIC ILs with temperature and compo-
sition [25]. When the mole fraction (x) of AlCl3 in the
ionic liquid x(AlCl3) < 0.667, the conductivity of the
ionic liquid increased with the increase of x(AlCl3)
and temperature.

Although alkyl quaternary ammonium salt cations
have the advantages of low cost, good ionic conductiv-
ity, a wide electrochemical window and have found
application in metal electrodeposition [26, 27]. How-
ever, knowledge of the important physical and chemi-
cal properties of the system, such as electrical conduc-
tivity, is still limited, which is not conducive to
research and applications. This paper takes quaternary
ammonium salts ionic liquids as the object of study, by
adding organic solvents, alkali metal halide salts, etc.
to quaternary ammonium salts ionic liquids as con-
ductive solvents or electrolytes, the effect of tempera-
ture, viscosity, additives benzene, etc. on the conduc-
tivity of ionic liquids was studied. The temperature-
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conductivity and alkali metal halide-conductivity
relationship curves were plotted using the Arrhenius
formula respectively, and the activation energy was
calculated, laying the foundation for further related
research and the application of quaternary ammo-
nium salt-based ionic liquids.

EXPERIMENTAL

Experimental Reagents

All the as-used ILs with a purity higher than 98%
were purchased from Jiangsu Jintan Huadong Chemi-
cal Research Institute, and they were used without fur-
ther purification. AlCl3 was purchased from Sino-
pharm Shenyang Chemical Reagent Co.

To prepare the electrolyte with a characteristic
chemical formulation. Mixed TMPAC and anhydrous
aluminum chloride (AlCl3) were put into a dry three-
mouth f lask with a molar ratio of 1 : 2, and heated for
60 min, the TMPAC-AlCl3 ionic liquid with brown
yellow color is obtained. The other three ILs-based
electrolytes, TMBAC-AlCl3, TEBAC-AlCl3, and
TBBAC-AlCl3, were prepared accordingly by using
the same method.

Determination of the viscosity of ILs

In this paper, the viscosity value of the sample is
measured by Shanghai Right One RVDV-1 digital vis-
cometer (η), which has a measurement accuracy of
±5 × 105 mPa s and a temperature control accuracy of
±0.05 K. The measurement is carried out according to
the principle that the rotor is subjected to the resis-
tance of the liquid, so that the resistance generated by
the filament resists the resistance, and the liquid to be
measured needs to be submerged in the rotor to make
the measured data accurate. In the measurement of
ionic liquid viscosity, the measured time should be
greater than 200 s, a total of three repetitions, calculate
the average value of the three groups of viscosity, it can
be said that the viscometer measured data is reliable,
accurate and can be used for the measurement of sys-
tem viscosity.

(1) To examine the effect of temperature change on
the viscosity of different ionic liquids.

TMPAC-AlCl3 and TMBAC-AlCl3 ionic liquids
were tested at 20, 30, 40, 50, and 60°C, respectively,
for changes in temperature and ionic liquid viscosity.
TEBAC-AlCl3 ionic liquids were tested at 40, 50, 60,
70, and 80°C, respectively, for changes in temperature
and ionic liquid viscosity. This is because due to the
high melting point of the system, the ionic liquid tends
to solidify at lower temperatures, making it inconve-
nient to measure viscosity values.
l. 97  No. 7  2023
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Fig. 1. Viscosity values of ionic liquids at different tem-
peratures. 
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Fig. 2. Arrhenius curve of ILs viscosity with temperature. 
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(2) Examining the effect of organic solvents such as
benzene (benzene, toluene and xylene) on the electri-
cal conductivity of ionic liquids.

TMPAC-AlCl3 ionic liquid was used as an example
of the change in conductivity of the ionic liquid when
benzene, toluene and xylene were added at 0, 10, 20,
30, 40, 50, and 60 vol %, respectively. Other ionic liq-
uids were tested as above.

Determination of the Conductivity of ILs

The conductivity of the ILs was measured using a
conductivity meter (DDSJ-308F Shanghai Vidian
Science Instrument Co., China). Under the same
conditions, the time for measuring the conductivity
was longer than the 60 s. Each group is sampled three
times, and the average value is considered to be the
ultimate conductivity.

The influence of temperature on the conductivity
of the ILs system was studied. The conductivity of the
ILs is measured in the temperature range from 20–
110°C by using an oil bath heating system to heat the
electrolytes.

To investigate the influence of benzene on the elec-
trical conductivity of the ionic system, benzene was
introduced into the ILs in the amounts of 10, 20, 30,
40, 50, and 60 vol %, respectively. The neat IL was also
tested for comparison. All the mixtures are homoge-
nized by magnetic agitation.

The initial temperature for conductivity measure-
ments for TMPAC-AlCl3 and TMBAC-AlCl3 systems
is set at 20°C since the systems are liquid at this tem-
perature. Because the TEBAC-AlCl3 and TBBAC-
AlCl3 systems were solid when the temperature was
lower than the above ones, thereby the starting tem-
perature for conductivity measurements was 30 and
60°C, respectively.
RUSSIAN JOURNAL O
To investigate the effect of alkali halides on the
conductivity of TMPAC-AlCl3, various electrolytes
were individually added to 1 L of TMPAC-AlCl3 elec-
trolytes (including 20 g NaCl, 20 g KCl, 20 g KI, 20 g
LiCl, 40 g LiCl, 20 g LiF) with continuously stirring of
the mixtures to enhance the dissolution of the salts.
Upon completion of the salts, the conductivity of the
system at different temperatures is measured.

RESULTS AND DISCUSSION
Effect of Temperature on the Viscosity of ILs

Figure 1 shows the results of viscosity measure-
ments for three AlCl3-quaternary ammonium salt
ionic liquids at different temperatures. The TMPAC-
AlCl3 ionic liquid and TMBAC-AlCl3 ionic liquid
were tested at temperatures ranging from 283.15 to
323.15 K because the viscosity of the system is rela-
tively small if the temperature is too high, which is out-
side the precise range of viscosity testing (20–85%).
This is because the system has a relatively high melting
point and when the temperature is too low, it tends to
solidify and prevent the rotor from turning for viscos-
ity testing, so a higher temperature range is chosen for
testing.

When the temperature increases, the viscosity of
ionic liquids is decreasing, this is because the viscosity
of ionic liquids is mainly generated by the internal fric-
tion between the molecules of the system, macroscop-
ically expressed as the resistance to f luid movement,
when the temperature increases, the van der Waals
forces between molecules weaken, the rate of molecu-
lar movement accelerates, the electrostatic gravita-
tional force between anions and cations weaken, the
resistance to ionic movement decreases, so the viscos-
ity also decreases. We can further investigate the effect
of temperature on viscosity using the Arrhenius equa-
tion (Fig. 2)

(1)exp( / ).A E RTη = η
F PHYSICAL CHEMISTRY A  Vol. 97  No. 7  2023
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Fig. 3. Effect of different concentrations of benzene on the
viscosity values of ionic liquids. 
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Fig. 4. Effect of different concentrations of toluene on the
viscosity values of ionic liquids. 
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Fig. 5. Effect of different concentrations of xylene on the
viscosity values of ionic liquids. 
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To further investigate the effect of temperature on
viscosity, the viscosity (η) was taken as the natural log-
arithm and plotted as lnη against 1/T. The results are
shown in Fig. 2. The fit was found to satisfy a linear
relationship between lnƞ and 1/T, and the relationship
between viscosity and temperature can be used in the
Arrhenius equation description:

(2)
where Eη is the activation energy for viscous f low,

A is the frequency factor or finger front factor, R is the
gas constant, and η is the viscosity of the electrolyte
solution. The values of the viscosity of the systems
TMPAC-AlCl3 ionic liquid, TMBAC-AlCl3 ionic liq-
uid and TEBAC-AlCl3 ionic liquid are fitted as a func-
tion of temperature by lnη to 1/T.

We can also investigate the effect of temperature on
viscosity using the Vogel–Tamman–Fulcher (VTF)
equation as follows:

(3)

The Arrhenius equation and VTF equation were
used to fit the viscosity data versus temperature for
TMPAC-AlCl3 ionic liquid, TMBAC-AlCl3 ionic liq-
uid, and TEBAC-AlCl3 ionic liquid, respectively, and
it can be seen from Fig. 2 that both the Arrhenius
equation and the Vogel–Tamman–Fulcher (VTF),
the fitted correlation coefficient results for TMPAC-
AlCl3 ionic liquid, TMBAC-AlCl3 ionic liquid, and
TEBAC-AlCl3 ionic liquid all had r2 ≥ 0.9960, with the
TMPAC-AlCl3 system having r2 ≥ 0.9980. This sug-
gests that the two equations used to describe the tem-
perature dependence of the viscosity of the TMPAC-
AlCl3 system are better than the other two systems.

The Effect of the Benzene Series on the Viscosity 
of Mixed ILs

For AlCl3-quaternary ionic liquids, the addition of
a suitable solvent is an effective way to reduce the vis-

ln ln ( / ),A E RTη = + η

0exp( /( )).ftA B T Tη = −
v
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cosity. As shown in Figs. 3–5, when benzene, toluene
and xylene were added at 0, 10, 20, 30, 40, 50, and
60 vol % and the temperature was room temperature
(25°C), the concentrations of different benzene sys-
tems (benzene, toluene and xylene) were measured at
±5 K intervals in the quaternary ammonium salt ionic
liquids.

The viscosities of TMPAC-AlCl3 and TMBAC-
AlCl3 were 9.33, 6.39, and 8.2 mPa s when benzene,
toluene and xylene were present at 50% by volume,
respectively. TMPAC-AlCl3 system and TMBAC-
AlCl3 system had the lowest viscosity, which was
caused by the fact that benzene (boiling point 80.1°C)
evaporates more easily in air than toluene (boiling
point 110.4°C), causing the viscosity of the electrolyte
to rise. The overall viscosity values are all relatively
lower compared to the absence of the benzene addi-
tion. The high viscosity and low conductivity of the
liquid is caused by the large volume and interaction of
the anions/cations in the ionic liquid. As some aro-
matic hydrocarbon compounds (including benzene,
toluene and xylene) can be used as co-solvents to
reduce the viscosity of the system. In the experiment,
l. 97  No. 7  2023
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Fig. 6. Effect of temperature on the conductivity of ILs. 
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Fig. 7. Arrhenius curve of ILs conductivity with tempera-
ture. 
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with the addition of benzene, toluene and xylene, the
interaction between ions is weakened and the resis-
tance to ion migration is becoming smaller, making it
easier for the ionic liquid to move, thus making the
viscosity of the ionic liquid lower. In addition, in
aqueous ionic liquid solutions, the hydrogen bonding
interactions between the water molecules and the
anions play a dominant role in the structure of the
ionic liquid solution. Therefore, in addition to water
having a high dielectric constant, the hydrogen bond-
ing interaction formed between the water molecules
and the anions in the ionic liquid also contributes to
the lower viscosity of the aqueous ionic liquid solu-
tion.

Effect of Temperature on the Conductivity of ILs

It was found in previous studies that temperature
has a significant influence on the conductivity of ILs
[22]. The temperature dependence of the conductivity
of TMPAC-AlCl3, TMBAC-AlCl3, TEBAC-AlCl3,
and TBBAC-AlCl3 ionic liquid systems was investi-
gated, and the conductivity-temperature relationship
RUSSIAN JOURNAL O

Table 1. Arrhenius equation for the conductivity of ILs at the

Ionic liquid Arrhenius equation

TMPAC-AlCl3

TMBAC-AlCl3

TEBAC-AlCl3

TBBAC-AlCl3

2321.45ln 1.79
T

σ = −

3795.14ln 5.94
T

σ = −

6032.90ln 11.29
T

σ = −

4192.14ln 5.63
T

σ = −
curves were obtained (plotted in Fig. 6). It could be
described by the Arrhenius equation (see Fig. 7) in the
relationship calculated and obtained by the fitted
parameters (see Table 1).

The increase in temperature reduces the viscosity
of ionic liquids and their mixtures, facilitating the
migration of ions. Herein, the Arrhenius equation is
well suited to describe the temperature-dependent
behavior of the ionic electrolytes:

(4)
The above Eq. (1) can be equally transferred to the

following Eq. (5)

(5)

where , , σ is the conductivity, A is the

pre-exponential factor, E is the apparent activation
energy, R is the molar gas constant, and T is the abso-
lute temperature. The relevant reference data for the
linear Arrhenius are detailed shown in Fig. 7 and
Table 1. As is widely acknowledged, the ionic conduc-
tors produce current by the migration of ions. In the

.
E

RTAe
−

σ =

ln ,ba
T

σ = +

lna A= Eb
R

= −
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 same temperature and their activation energies

Activation energy, kJ mol–1 Scope of application, K

19.29 293.15–343.15

31.55 293.15–343.15

50.13 303.15–363.15

34.84 333.15–383.15
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Fig. 8. Effect of benzene on the conductivity of ILs. 
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Fig. 9. Effect of toluene on the conductivity of TMPAC-
AlCl3 and TMBAC-AlCl3 ionic electrolytes. 
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Fig. 10. Effect of ethyl benzene on the electrical conduc-
tivity of TMPAC-AlCl3 and TMBAC-AlCl3 ionic electro-
lytes. 
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present work, as the temperature increases, the activa-
tion energy of the ions increases significantly and the
activation energy decreases, making it easier to over-
come the forces between the ions and facilitate move-
ment under the action of the electric field.

Influence of Benzene Series on the Conductivity
of Mixed ILs

Figure 8 shows the variation of conductivity of each
ILs after the addition of benzene at different tempera-
tures, while Figs. 9 and 10 show the change in conduc-
tivity of TMPAC-AlCl3 ILs and TMBAC-AlCl3 ILs
after the addition of toluene and ethylbenzene, respec-
tively, at the same temperature.

As can be seen from Fig. 8 that the conductivity of
ILs increases as the benzene content of the system
increases, but in the present work it was experimen-
tally found that the solutions tend to stratify when ben-
zene exceeds 50%. The conductivity of TMPAC-AlCl3
ionic liquid is the highest when the benzene content is
50%. Figures 9 and 10 show the relationship curves
between the conductivity of TMPAC-AlCl3 and
TMBAC-AlCl3 with the volume fraction of toluene
and ethylbenzene respectively at 25°C. The results
show that the conductivity of the systems in TMPAC-
AlCl3 and TMBAC-AlCl3 showed a linear increase
with the continuous addition of toluene or ethylben-
zene. When the volume fraction of toluene and ethyl-
benzene in TMPAC-AlCl3 and TMBAC-AlCl3
reached 50%, the conductivity of the mixture reached
a great value. After the extreme value point, the con-
ductivity of the mixture changes little or even
decreases. With the addition of benzene, the viscosity
of the ionic liquid decreases, the resistance to ion
migration becomes smaller and the conductivity
increases. The conductivity of 14.5, 11.7, and
4.65 mS/cm in TMPAC-AlCl3 containing 50 vol % of
benzene, toluene and ethylbenzene at 25°C, respec-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
tively. At 25°C, the conductivity of TMPAC-AlCl3

with 50 vol % benzene exceeded that of the imidazole-
like ionic liquid [EMIm]Cl-AlCl3 by 12.1 mS/cm [28].
The conductivity of TMPAC-AlCl3 and TMBAC-
AlCl3 decreased when the benzene content exceeded
the extreme point.

The experimental phenomena showed that the
mixture at this point showed liquid stratification after
sufficient shaking, with the upper layer being the low-
density benzene and the lower layer being the high-
density ionic liquid mixture, indicating that the ben-
zene was saturated in the ionic liquid and the conduc-
tivity no longer increased further with increasing ben-
zene content. According to the structure (Table 2),
toluene and ethylbenzene contain more methyl groups
than benzene, which affects its intercalation and is not
conducive to improving the conductivity of ionic liq-
l. 97  No. 7  2023
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Fig. 11. Temperature dependence of the conductivity of TMPAC-AlCl3 IL containing different alkali halides. 
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uids. Benzene, due to its relative symmetry, can be well
inserted between ions, thus reducing viscosity and
increasing ionic mobility [29].

Effect of Halides on the Electrical 
Conductivity of TMPAC-AlCl3

In addition to temperature and organic solvents,
solid salts also improve the electrical conductivity of
TMPAC-AlCl3 ILs. Certain content of alkali halides
(including 20 g NaCl, 20 g KCl, 20 g KI, 20 g LiCl,
40 g LiCl, and 20 g LiF) was dissolved in 1 L of
TMPAC-AlCl3 ILs, respectively. The experimental
phenomena of different alkali halides during the disso-
lution process are shown in Table 3. After 20 h of full
dissolution of the electrolytes of the halides, the effect
of temperature change on the conductivity of the ILs
under dissolution equilibrium of the electrolytes at this
time was observed and the influence rule curve is
RUSSIAN JOURNAL O

Table 2. Structure of benzene, toluene, and ethylbenzene

Organic solvents Chemical formula Structural formula

Benzene C6H6

Toluene C7H8

Ethylbenzene C8H10

CH3
shown in Fig. 11. When the electrolyte containing
halide was fully dissolved for 20 h, the variation of
conductivity of the acquired ionic electrolytes with
different addition of alkali halides is shown in Fig. 6
and Table 3.

As summarized in Table 3 and Fig. 11, an increase
in viscosity but a decrease in conductivity of the elec-
trolytes are recognized. In particular, it is experimen-
tally observed that it yields a deep red solution for the
ILs with additional KI with its original coloration of
bright yellow. For the case of LiF, although it has not
yet been fully dissolved, Liquid electrolytes at room
temperature with a higher viscosity than the neat IL is
obtained. Within our expectation, the electrolyte con-
ductivity increases with the experimental tempera-
tures. Regarding the case of LiCl, the highest conduc-
tivity is achieved with 40 g additional LiCl. According
to Table 3, the electrolyte is close to being saturated.
Notably, the dissolution rate of LiCl is much slower
than that of KI.

Alkali halides were dissolved in 1 L of TMPAC-
AlCl3. When the electrolyte containing the halide was
fully dissolved for 20 h, without considering the
amount of halide dissolved or precipitated in the elec-
trolyte and the degree of dissolution, only the effect of
temperature change on the conductivity of the electro-
lyte at dissolution equilibrium at this time was exam-
ined. Figure 12 shows the curve of the effect of tem-
perature change on the conductivity of the electrolyte.
Figure 12 shows the Arrhenius linear fit curve for the
conductivity of the ionic liquid TMPAC-AlCl3 with
the addition of alkali halides as a function of tempera-
F PHYSICAL CHEMISTRY A  Vol. 97  No. 7  2023
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Fig. 12. Arrhenius curves for the temperature dependence of the conductivity of TMPAC-AlCl3 ionic liquids containing different
alkali halides. 
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]

ture, where the specific activation energy values are
shown in Table 4. Activation energy of original is the
lowest (21.86 kJ mol–1).

CONCLUSIONS

The conductivity of the four kinds of quaternary
ammonium salt-type AlCl3 ionic liquids was studied
to seek some suitable baths for electrochemical prepa-
ration of Al and its alloys deposition, the following
conclusions can be drawn.

(1) With the increasing temperature, the electric
conductivity of the ILs rises. Through the calculation
and linear-fitting analysis from Arrhenius equation,
the TMPAC-AlCl3 ILs has the lowest value of appar-
ent activation energy (19.29 kJ/mol) and the highest
value of electric conductivity (14.5 mS/cm) among all
the tested quaternary ammonium salt ILs.
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Table 3. Experimental phenomena of dissolution processes o

Name Dissolution 
time, h

Dissolution quality 
(m), g L–1

NaCl 10 24 < m < 28

KCl 10 20 < m < 24

KI 10 36 < m < 40

LiF 10 4 < m < 8

LiCl 20 48 < m < 52
(2) Both benzene (or toluene/ethylbenzene) sol-
vent and each kind of ILs can be mutually dissolved
tested quaternary ammonium salt ILs can be mutually
dissolved in all proportions, and the addition of the
solvent into ILs, especially benzene, substantially
increase electric conductivity. The electric conductiv-
ity of TMPAC-AlCl3 approaches the highest value of
14.5 mS/cm as the benzene volume fraction reaches
50 vol %.

(3) According to the analysis results on the dissolu-
tion behavior of different kinds of alkali halides in
TMPAC-AlCl3 ILs, the maximum mass of LiCl dis-
solved in TMPAC-AlCl3 is higher than other tested
halides.An electrolyte containing 2 g LiCl has the
highest conductivity of 7.45 mS/cm when the tem-
perature is above 60°C. It was experimentally found
that NaCl and KCl can raise the melting point of the
electrolyte. The addition of KI obviously decreases
apparent activation energy compared with other tested
halides.
l. 97  No. 7  2023

f different alkali halides in TMPAC-AlCl3 (80°C)

Experimental phenomena

When the dissolved mass is 20 g/L, the electrolyte is com-
pletely dissolved at 80°C
When the dissolved mass is 40 g/L, the electrolyte is solid

Completely dissolved

Deposits in the plating solution poor solubility

The solubility is best
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Table 4. The Arrhenius equation for the same temperature conductivity of ionic liquids containing different alkali halides
and their activation energies

Alkali halides Content, g L–1 Arrhenius equation
Activation energy, 

kJ mol–1
Scope of application,

K

Original 0 21.86 303.15–343.15

NaCl 20 43.17 303.15–328.15

KCl 20 49.28 303.15–328.15

KI 20 27.94 303.15–328.15

LiCl 20 29.16 303.15–343.15

LiCl 40 31.18 303.15–343.15

LiF 20 31.57 303.15–343.15

2629.05ln σ 9.61
T

= −

5192.66ln σ 17.33
T

= −

5927.53ln σ 19.49
T

= −

3360.56ln σ 11.85
T

= −

3507.73ln σ 12.27
T

= −

3570.00ln σ 12.96
T

= −

3797.10ln σ 12.99
T

= −
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