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ABSTRACT. In this study, diethylene glycol (DEG), as a hydrogen bond 
donor (HBD), was mixed with three ammonium based salts, namely N,N-
diethylethanolammnium chloride, tetra-n-butylammonium bromide and 
choline chloride, as well as two phosphonium based salts, namely benzyl-
triphenylphosphonium chloride and methyltriphenylphosphonium bromide, 
to prepare five different deep eutectic solvents (DESs) series. The DESs 
freezing points and functional groups were investigated. In addition, the 
physical properties viscosity, density, conductivity and surface tension were 
determined as function of temperature in the particular temperature range 
of 293.15- 353.15 K. It is worth mentioning that all examined DESs were 
stable and in liquid phase at room temperature which emphasize their 
promising potential to be utilized as inexpensive environment-friendlier 
solvents. Owing to their low recorded freezing points and viscosities, DEG 
based DESs can be effortlessly processed without any further heating 
required in diverse industrial applications. 
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INTRODUCTION  
 
Owing to their distinctive physiochemical properties, ionic liquids (ILs) 

have served various purposes and gained a considerable attention in different 
academic and industrial fields. For instance, ILs have been used in metal 
extraction, in polymeric electrolyte membrane fuels cells, in Solar Cells and in 
biological applications such as drug delivery and activation of enzymes, as 
well as they have been applied as electrolytes in batteries and as reaction 
media for organics synthesis and biochemical reactions [1]. However, many 
studies have underlined the limitations of ILs, which restrain their applications 
on large scale in commerce, including their poor sustainability and 
biodegradability [2], their high toxicity to human and environment and the high 
required cost for their complicated synthesizing process [3, 4]. Therefore, the 
emergence of deep eutectic solvents (DESs) as inexpensive solvents with 
easier preparation and better biodegradability [5], has enlightened the 
opportunities of their exploitations as appealing alternatives to maintain the 
useful characteristics of ILs and to overcome the challenges that hinder ILs 
applications [6, 7]. Generally, the formation of DES can be easily obtained by 
mixing two or more of cheap and biodegradable components, namely, 
hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD), which are 
connected with each other by hydrogen bond interactions [8]. DES is well 
characterized by its freezing point which is usually lower than that of its 
individual components. The main reason behind the depression of the 
eutectic mixture freezing point, is the delocalization of the charge occurring 
through hydrogen bonding between the halide anion and the HBD [9, 10]. 

Besides of having low production cost and having a good 
biocompatibility [11], DESs have been reported to own remarkable properties 
such as high viscosity, high thermal stability and low vapor pressure [12]. 
Therefore, many studies have been widely investigating the possibility of 
employing DESs in different applications [13]. For instance, DESs have 
shown interesting potentials in the electrochemistry technology, such as 
surface cleaning and metallurgy, due to their capability of donating or 
accepting electrons or protons to form hydrogen bonds which makes them of 
a great interest for dissolution of metal oxides [14]. The solubility of CuO in a 
choline chloride (ChCl) –urea (U) eutectic mixture was first studied by Abbott 
et al. [15]. Another example, DESs have been used to remove air pollutants 
from gas emissions, due to their physiochemical properties which make them 
superior substitutes for volatile organic compounds. Yang et al. [16] explored 
the removal of Sulfuric dioxide (SO2) by (ChCl)-glycerol DESs. The results 
revealed the high absorption efficiency of SO2 by the eutectic mixture and 
which was increased by decreeing the temperature, moreover, the absorbed 
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SO2 could be easily stripped out from the DES by bubbling nitrogen through 
the eutectic mixture [16]. In addition, the effect of different temperatures and 
different DES molar ratio on the solubility of carbon dioxide (CO2) was 
investigated by Han and co-workers using ChCl-U DES [17]. In like manner, 
Wong and co-workers explored the effect of water content on the absorption of 
CO2 by using ChCl-U-H2O [18]. These studies are considered of great concern 
for the development the separation and gas purification technology using DESs. 
Furthermore, Morison et al. [19] examined the potentials of ChCl-U and 
ChCl-malonic acid DESs for the drug solubilization, Hayyan et al. [20] studied 
the application of ChCl-glycerol based DESs in fuel purification by extracting 
glycerol from palm oil-derived biodiesel, and Abbott et al. used ChCl-
Ethylene glycol (EG) as dispersant for electrodeposition of Ag and formation 
of Ag/ SiC/Al2O3 nanocomposite film [21]. 

DESs have been reported to have a promising industrial application 
[22]. Therefore, in order to suggest further application and design green 
technologies involving DESs, many studies have extensively been attempting 
to cover and understand the unique and common properties of DESs 
followed by applying them in different chemical researches. For example, 
Shahbaz et al. [23, 24] had successfully predicted the density and the 
surface tension of different DESs, and the effect of salt to HBD molar ratio 
on the predicted DESs densities was investigated. Also, Yadav et al. [25] 
investigated the densities and the dynamic viscosities of (ChCl:Gl) DES at a 
temperature range of (283.15–363.15 K). Similarly, the main purpose of this 
study is to document the physical properties as function of temperature (e.g. 
freezing point, FTIR analysis, density, surface tension, viscosity, conductivity) 
of five DES systems prepared by mixing five different salts, namely N,N-
diethylethanolammnium chloride, benzyltriphenylphosphonium chloride, choline 
chloride, methyltriphenylphosphonium bromide and tetra-n-butylammonium 
bromide, and diethylene glycol (DEG) as HBD. DEG is an aliphatic compound 
which is widely used as solvent, antifreeze, chemical feedstock, and it can be 
found in automotive products and wallpaper stripper [26, 27]. For our best 
knowledge, there are no recorded data in literature concerning the physical 
properties of DEG based DESs.  

 
 

RESULTS AND DISCUSSION 

FREEZING POINT 

The selected series of DESs are in liquid form under room-temperature 
conditions, which facilitate their exploitations in different industrial applications. 
Abbott et al. [28] stated that the freezing point of DES can be partially 
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measured by the melting points of the pure components parts, and it is 
dependent on the entropy changes, lattice energy and on the way of 
interaction between cation and anion components [28, 29]. The melting points 
of the salts used in this study, i.e., BTPC, MTPB, ChCl, DAC, and TBAB, are 
603.15, 507.15, 575.15, 409.15, and 376.15 K, while the freezing point of 
DEG is 264.15 k. Table 1 displays the freezing points of the five studied DESs 
and their composition and abbreviations. It is clear that all the values are in 
agree with the general definition of DES that characterize the DES mixture 
with a lower freezing point than that of its individual constituents. As can be 
concluded from the data, the freezing points range between 247.92- 262.39 
K, with the highest freezing point for [DAC:DEG] while the lowest freezing 
point for [TBAB:DEG]. All the recorded freezing points were below 323.15 K, 
and as reported by Zhang et al. [30], DESs with freezing points lower than 
323.15 K are more attractive to be employed as cheap and safe ambient 
temperature solvents in many different fields.  

 
Table 1. Composition, abbreviations and freezing point for the studied DESs. 

 

Salt* Salt 
Molar 
ratio 

HBD HBD 
Molar 
ratio 

DES 
Abbreviation 

DES 
molecular 
weight 

Freezing 
point.a 
(Tf /K) 

ChCl 1  
 
DEG** 

2 [ChCl:DEG] 117.288 260.52 

DAC 1 3 [DAC:DEG] 118.002 262.39 

TBAB 1 2 [TBAB:DEG] 178.202 247.92 
BTPC 1 7 [BTPC:DEG] 141.463 248.52 
MTPB 1 4 [MTPB:DEG] 156.340 248.39 

a Freezing point value represents the average point between the first crystal appearance and the 
last liquid drop disappearance. All freezing point data are reported at pressure of 0.1 MPa. *ChCl: 
choline chloride, DAC: N,N-diethylethanolammonium chloride, TBAB: tetra-n-butylammonium 
bromide, BTPC: benzyltriphenylphosphonium chloride, MTPB: methyltriphenylphosphonium 
bromide. ** DEG: diethylene glycol. 

 
FTIR 

The result of FTIR analysis is shown in Figure 1 indicates that the pure 
constituents of DESs (salt-HBD) have obvious effects on the structure of the 
DESs. The effect of DEG as HBD can be noticed in all DESs spectrums at 
peaks between 3500-3200 cm−1, representing the O–H stretching bond [31-34]. 
Moreover, due to the utilization of DEG as HBD in the current DESs synthesizing 
process, the spectral peaks of the examined DES systems are virtually alike. 
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On the other hand, the effect of salts can be inferred from the existence of the 
P–H bonds in the structure of phosphonium based DESs, which could be 
overlapped with C–H bands at the region between 3000-2800 cm−1 [31, 33, 34]. 
In addition, the effect of salts on ammonium based DESs assimilated in the 
presence of ammonium structures between 3200-2400 cm−1, mainly N–H stretch 
at 2870 cm−1 [33-36]. For all examined DESs, the intense absorption bands at 
(800-700 cm−1) and (700-600 cm−1) were assigned to aliphatic organohalogen 
compounds with stretching bonds (C–Cl) and (C–Br) respectively [32]. Furthermore, 
the strong bonds ranging from (1200-1050 cm−1), (1600-1800 cm−1), and 
(1400-1340 cm−1) are assigned to C–O, C=O and N–O correspondingly. The 
stretch PO4−3 at (1100-1000 cm−1) [32, 34] was strong and broad in [MTPB:DEG] 
and [BTPC:DEG] while peaks at (1310-1230 cm−1) [32, 34] representing C–N 
stretch, were explicit in [ChCl:DEG], [DAC:DEG], and [TBAB:DEG]. 

 
 

 
Wavenumbers 

 

Density 

The density values of the five selected DESs as function of temperature 
are illustrated in Figure 2. At room temperature, [MTPB:DEG] attained the 
highest density of 1.209 g.cm−3, whereas [TBAB:DEG] attained the lowest density 
of 1.078 g.cm−3. At 293.15 K, the density of [ChCl:DEG] (1.1216 g.cm−3) was 
found to be similar to that of  [ChCl: ethylene glycol] (1.12 g.cm−3) [37, 38],and 
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lower than that of [ChCl:urea] (1.25 g.cm−3) [39-41]. Additionally, [MTPB:DEG] 
had a density value of  1.209 g.cm−3 which was lower than the reported density 
for [MTPB:glycerol] (1.30 g.cm−3) [42], and slightly higher than that reported for 
[MTPB: triethylene glycol] (1.19 g.cm−3) [43]. For further comparison purposes, 
Table 3 is arranged to compare the densities of the studied DESs with those of 
some reported ILs in literature.  

 

 
Figure 2. Densities for DEG based DESs as a function of temperature. 

 
The calculated densities using the simple mixing rule (Eq 1) [44] were 

found to be incompatible with the recorded experimental densities and that 
indicates the interaction of both components molecules and confirms the 
hydrogen bonding formation which reduces the molecular distance between 
the salt and HBD. 

ଵ

ఘ೘
ൌ 	∑ ௫೔

ఘ೔
௜ 		                                                                                        (1) 

where ߩ௠ is the density of DES mixture (gm.cm−3), ݔ௜ is mass fraction of 
component i, and ߩ௜ is the density of component i (gm.cm−3). 

Moreover, the densities of the examined DESs series decreased with 
the increase of temperature due to the effects of the increased internal 
energy on the mobility of DES molecule resulting in increasing the thermal 
expansion of DES volume [45].  
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For all examined DESs, the density-temperature relationship was 
fitted linearly using Eq 2 with regression values R2 of 0.99. 

 
	ߩ ൌ ܽ ൅ ܾT                                                                                        (2) 

 
where ρ is the density, T is temperature in Kelvin, and a and b are constants 
and their values are listed in Table 4. 

 
 

Table 4. Density- temperature model parameters. 
 

DES a b R2 

[ChCl:DEG] 1.2932 -0.0006 0.99 

[DAC:DEG] 1.2922 -0.0006 0.99 

[TBAB:DEG] 1.2581 -0.0006 0.99 

[BTPC:DEG] 1.3358 -0.0007 0.99 

[MTPB:DEG] 1.4055 -0.0007 0.99 

 

Viscosity and conductivity 

The values of viscosity and conductivity are the prominent attributes 
of DESs to be utilized as significant candidates as an electrolyte in 
electrochemical applications such as batteries, electroplating, and 
electrolysis. Figure 3 and Figure 4 elucidate the effect of temperature on the 
viscosity and the electrical conductivity of the studied DESs, respectively. For 
all selected DESs, the noted values of viscosity and conductivity were 
determined at temperature range of (293.15-353.15 K), and both of these 
physical properties for DESs were higher than those for DEG. At room 
temperature, the deliberated DESs series had the following viscosity 
sequence: [TBAB:DEG] > [MTPB:DEG] > [BTPC:DEG] > [DAC:DEG] > 
[ChCl:DEG]; while their conductivity order was as following: [ChCl:DEG] > 
[DAC:DEG] > [MTPB:DEG] > [BTPC:DEG] > [TBAB:DEG]. It is noticeable 
that DES with the highest viscosity attained the lowest conductivity value due 
to the extreme high consistency of DES mixture that constrained the 
transmission of the electrical current through the mixture. Another significant 
factor that has a perceptible impact on the viscosity and conductivity values 
is the ratio of salt in the DES mixture. Table 5 depicts that although 
[MTPB:DEG] has a higher viscosity than that of [BTPC:DEG], it recorded a 
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higher electrical transmission ability due to its high salt ratio content; 
moreover, it can be concluded from Table 5 that DES viscosity data is 
relatively proportional to the ratio of salt in DESs. It is noteworthy, that the 
temperature has an adverse influence on the viscosity because of the 
energetic motion gained by DESs molecules when the temperature increases, 
resulting in reducing the strength of intermolecular forces, decreasing the 
mixture viscosity and consequently increasing its conductivity.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Viscosities for DEG based DESs a function of temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Conductivities for DEG based DESs as a function of temperature 
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Comparing the current considered DES systems with previous works, 
reveals that [ChCl:DEG] had a viscosity value of (52.49 cP at 293.15 K) 
higher than that of [ChCl: ethylene glycol] (37.0 cP at 298.15 K) [46], lower 
than that of [TBAC:EG] (>200 cP at 293.15 K) [45]  and extremely lower than 
that of [Chcl: zinc chloride] (85000 cP at  298.15 K) [47]. Also, the viscosity of 
[MTPB:glycerol] was reported to be very high ( 2775.9 cP) at 298.15 K [48], 
while the viscosity of [MTPB:DEG] in this study was found to be comparatively 
low (141.3 cP) at 293.15 K. All the recorded viscosities of the concerned 
DESs at 353.15 K were much lower than the lowest viscosities values reported 
for triethylene glycol (TEG) based DESs [35]. 

 
Table 5. Salt ratio effect on the viscosity and conductivity (At 293.15 K). 

 

DES Salt ratio μ (cP) S (µs/cm) 

[ChCl:DEG] 30.49 52.49 2670 

[DAC:DEG] 32.55 56.09 1940 

[TBAB:DEG] 60.3 203.9 325 

[BTPC:DEG] 34.36 124.8 466 
[MTPB:DEG] 45.7 141.3 618 

 
Additionally, Table 3 presents a simple comparison between the 

viscosities of the studied DESs with some reported ILs. On the other hand, 
the conductivity of [DAC:DEG] (2040 µS.cm−1) at 298.15 K was found to be 
higher than that of [DAC: malonic acid] (1130 µS.cm−1) and much lower 
than that of [DAC: zinc nitrate] (7050 µS.cm−1) [49]. The conductivity of 
[ChCl:DEG] at 293.15 was found to be (2670 µS.cm−1) which is higher than 
that of [ChCl: 1,4-butanediol] (1654 µS.cm−1) [50] and that of [ChCl: 
triethanolamine] (650 µS.cm−1) [49]. It is worth mentioning that in this study 
ChCl salt based DES had attained the lowest viscosities and the highest 
conductivities among all DESs and that was similar to the reported case of 
ChCl salt based DES with glycerol (GLY) as HBD [48].  

The trend of viscosity-temperature can be expressed with a regression 
value (R2) higher than 0.97 for all DESs by the following Arrhenius-like 
equation, Eq 3 [51]: 

 

ߤ ൌ ݁	°ߤ
ቂ
ಶഋ
ೃ೅
ቃ
                                                                    (3) 

 

where ߤ is the viscosity,  ߤ° is a pre-exponential factor, Eµ is the viscosity 
activation energy, R is them gas constant and T is temperature in K.  

The model parameter values are listed in Table 6. 
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Table 6. Viscosity- temperature model parameters. 
 

DES ࣆ° (Eµ R−1) R2 

[ChCl:DEG] 7ൈ10−3 2654.02 0.97 

[DAC:DEG] 3ൈ10−3 2908.94 0.98 

[TBAB:DEG] 4ൈ10−4 3892.81 0.99 

[BTPC:DEG] 6ൈ10−4 3599.62 0.99 

[MTPB:DEG] 3ൈ10−4 3784.48 0.98 

 
 
The trend of conductivity-temperature is similar to that of viscosity-

temperature but in the opposite direction and it can also be fitted using the 
following Arrhenius model, Eq 4 [52]: 

 

ܵ ൌ °ܵ	݁
ሾ
షಶೞ
ೃ೅

ሿ                                                                      (4) 
 

where S is the conductivity in (µs/cm), °ܵ is pre-exponential factor, ܧ௦ is the 
activation energy of electrical conduction, R is the gas constant, and T is the 
temperature in K. The model parameter and the regression coefficient values 
for all five DESs are arranged in Table 7. 

 
 

Table 7. Conductivity- temperature model parameters. 
 

DES ࡿ° (EsR−1) R2 

[ChCl:DEG] 6ൈ105 -1584.26 0.98 

[DAC:DEG] 6ൈ105 -1697.13 0.99 

[TBAB:DEG] 1ൈ107 -3010.37 0.99 

[BTPC:DEG] 2ൈ106 -2461.27 0.98 

[MTPB:DEG] 2ൈ107 -2960.37 0.98 

 
 

Surface tension 

The surface tension is one of the important properties that affects the 
reactivity of DESs and it is one of the crucial liquid characterization that is 
required in many industries. Figure 5, represents the surface tension of the 
studied DESs as function of temperature.  
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Figure 5. Surface tension for DEG based DESs as a function of temperature 
 
 
At 293.15 K, the highest surface tension value was 66.98 mN m−1 

for [MTPB:DEG], while the lowest surface tension value was 48.49 mN m−1 
for [ChCl:DEG]. At 353.15 K, the surface tension of [MTPB:DEG], [ChCl:DEG] 
and [DAC:DEG] were almost the same with a value of 33.0 mN m−1. 
Comparatively, at 313.15 K, the surface tension of [ChCl:DEG] (42.82 mN m−1) 
was higher than that of [ChCl: 2,2,2-trifluoroacetamide] (35.9 mN m−1) [40]. 
Meanwhile, at 293.15 K, [ChCl:DEG] had a surface tension value (48.49 
mN m−1) higher than that of [ChCl: 1,4-butanediol] (47.6 mN m−1) and lower 
than that of [ChCl:Glycerol] (50.8 mN m−1) [30]. More comparison examples 
between the studied DESs and ILs are listed in Table 3. 

As expected, the trend of the surface tension-temperature is similar 
to that of viscosity-temperature, since both of the properties are highly 
dependent on the strength of the molecular interaction that rules the 
formation of DES mixture [30]. As can be simplified from Figure 5, when the 
temperature increases, the surface tension of DES decreases because of 
the reduced effects of the cohesive forces between the surface molecules 
which is resulted from the vibrant motion of molecules due to the thermal 
expansion [45]. The surface tension-temperature relationship was linearly 
fitted according to Eq 5:  
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ߪ ൌ ܽ ൅ ܾT                                                                      (5) 
 
where ߪ	is the surface tension, T is the temperature in K, and ܽ and ܾ are 
constants. The model parameters along with the regression coefficient 
values (R2) are shown in Table 8. 

 
 

Table 8. Surface tension-temperature model parameters. 
 

DES a b R2 

[ChCl:DEG] 115.0892 -0.2297 0.98 

[DAC:DEG] 233.3722 -0.5631 0.94 

[TBAB:DEG] 170.1202 -0.3932 0.95 

[BTPC:DEG] 238.0510 -0.5840 0.95 

[MTPB:DEG] 249.7380 -0.6098 0.95 

 
 
 

CONCLUSIONS 
 
The physical properties of the five DES systems were obtained at a 

temperature range of 293.15- 353.15 K. At 293.15 K, [TBAB: DEG] attained 
the highest viscosity with a value of 203.9 cP and the lowest conductivity with 
a value of 325 µs.cm−1. Both surface tension and density data decreased 
with the increase of temperature and their temperature trends were fitted 
linearly. By contrast, the temperature trends for the conductivity and viscosity 
were exponential growth and exponential decay, respectively, and both of the 
trends were successfully fitted to Arhenius-like model. The freezing points of 
all considered DESs series were below 323.15 K, and compatible with the 
general definition of DES. The FTIR analysis revealed the existence of P–H 
bonds in the structure of phosphonium salts based DESs, and the presence 
of N–H in the structure of ammonium based salts DESs. The physical 
properties of DEG based DESs were found to be similar to those of some 
reported ILs. The variation in the temperature, and/or the DESs individual 
components, and/or the ratio of salt to HBD are of a considerable concern to 
obtain a eutectic mixture with adaptable physical characterizations to a 
specific type of application, which consequently contributes in widening the 
horizon of DESs employment as ILs alternatives. 
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EXPERIMENTAL  
 
N,N-diethylethanolammonium chloride (DAC), tetra-n-butylammonium 

bromide (TBAB), methyltriphenylphosphonium bromide (MTPB), benzyl-
triphenylphosphonium chloride (BTPC), and diethylene glycol (DEG) were all 
supplied by Merck, while choline chloride (ChCl) was supplied by sigma 
Aldrich. All chemicals were supplied with purity (≥ 98.0 %) except ChCl and 
TBAB their purity was (≥ 99.0 %). The chemicals were dried in a vacuum 
oven for 3 h before conducting any experiments to prevent the adverse 
effects of moisture content on the physical properties measurements. Figure 
6 displays the chemical structure and molecular formula of the chemicals 
used in this work.  

The optimum DES composition ratio, at which DES is homogeneous 
and stable, was determined by carrying out an incipient screening where 
different ratios of salt to HBD were stirred at 180 rpm and 343.15 K for 120 
min. The five selected DESs along with their relevant optimum ratios are 
listed in Table 1 were prepared at atmospheric pressure in moisture 
controlled environment followed by measurements of their physical 
properties as function of temperature in the range 293.15-353.15 K.  

 

 
 

Figure 6. The chemical structure and molecular formula of DESs components 
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The functional groups were identified using spectrum 400 FT-IR 
spectrometer. Freezing points of the five selected DESs were measured using 
differential scanning calorimetry (DSC) METTLER TOLEDO, Figures 6S to 
10S. A density meter (DM 40) METTLER TOLEDO, a Brookfield R/S Rheometer 
and an automated tensiometer Krüs K10ST classification B with Du Noüy ring 
method were utilized to determine densities, viscosities and surface tensions 
correspondingly. The conductivity of selected DESs was measured using Eutech 
Cyberscan Con 11 hand-held meter and the variation in the temperature range 
was controlled using an external water circulator (Techne-Tempette TE-8A). 
The standard uncertainties in measurements of each studied physical property 
are listed in Table 9. 

 
 

Table 9. Standard uncertainties of measurements. 
 

Measurements Estimated uncertainties 
Density (g.cm−3) ± 0.0001 
Viscosity (cP) (3-5) % 
Surface tension (mN m−1) ± 0.1 
Conductivity (µs/cm) ± 18 
Freezing point (K) ± 0.01 
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