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Abstract

Deep eutectic solvents (DESs) based on the cation choline have been proposed to date for a variety of applications due to their remarkable physicochemical properties. The thermal stability is one of the first properties of DESs that needs to be known since it limits the maximum operating temperature for which these solvents are useful in many applications. In this work, the thermal stability of eight different choline chloride-based DESs formed using levulinic acid, malonic acid, glycerol, ethylene glycol, phenylacetic acid, phenylpropionic acid, urea, and glucose as hydrogen bond donors (HBDs) has been studied using isothermal and dynamic thermogravimetric analysis/Fourier transform infrared-attenuated total reflectance spectroscopy (TGA/FTIR-ATR) techniques. Isothermal and dynamic FTIR-ATR was carried out to confirm the formation and to show the structural changes with temperature of the DESs, respectively. The onset decomposition temperatures of the DESs were obtained from dynamic TGA. However, the maximum operating temperatures determined by isothermal TGA in long-term scenarios have demonstrated to be significantly much lower than the onset decomposition temperatures for every DES studied. The thermal stability and the boiling point of HBDs have a crucial impact on the maximum operating temperature of DESs.
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1. Introduction 
The research into a novel generation of environmentally sustainable solvents derived from renewable resources began in 2003 when Abbott et al. reported a mixture of choline chloride and urea in a 1:2 mole ratio forms a low melting point eutectic, which was liquid at ambient temperature due to their ability to form hydrogen bonds [1]. Deep eutectic solvents (DESs) are eutectic mixtures of Lewis or Brønsted acids and bases that are commonly composed of a quaternary ammonium salt with a hydrogen bond donor (HBD). The charge delocalization occurs through the hydrogen bonds and is responsible for the lower melting point of the eutectic mixture [2]. DESs can be binary or ternary mixtures of Lewis or Brønsted acids and bases. Ternary deep eutectic solvents have been recently investigated to increase the number and applications of DESs. Kadhom et al. have reported the thermal properties for this kind of eutectic mixtures based on choline chloride [3] and different authors have studied their potential use in CO2 capture [4, 5]. As ionic liquids, the physicochemical properties of DESs depend on the composition of the eutectic mixture [6]. Besides their non-flammability nature, DESs have demonstrated extra advantages such as low cost, easiness of handling and synthetizing, no purification is required [7], and they are formed from non-toxic, biodegradable, and biocompatible substances [8].
In this work, we have used choline chloride as the quaternary ammonium salt because it is a non-toxic and biodegradable substance that is used nowadays as additive in animal feed and human nutrition. In addition, choline chloride is inexpensive and ton-scale available [8]. As HBD, we have used several organic compounds namely levulinic acid, malonic acid, glycerol, ethylene glycol, phenylacetic acid, phenylpropionic acid, urea, and glucose since DESs derived from these compounds are liquids at room temperature and can be used as solvents in different separation processes [9,10]. In order to confirm the potential use of DESs as alternative solvents, one of the most relevant properties to determine is their thermal stability. The aim of this work has been to study the thermal stability of the above-mentioned eight choline-based DESs. First, FTIR-ATR measurements for the DESs and their pure constituents at a constant temperature of 298.2 K 
have been made to guarantee the eutectic mixture was formed. Next, dynamic thermogravimetric analyses (TGA) have been made at a temperature range from (323.2 to 673.2) K with heating rates of 5 and 10 K·min-1 to determinate the onset decomposition temperatures. Then, dynamic FTIR-ATR measurements at a temperature range from (313.2 to 473.2) 
K with a heating rate of 10 K·min-1 have been made to analyze the behavior of the different functional groups of the DESs with increasing temperature scenarios. Finally, isothermal TGA have been performed at temperatures from (323.2 to 403.2) K for 20 h to evaluate the thermal stability of the DESs in long-term scenarios. Isothermal TGA have been demonstrated in our previous publications to be essential to characterize the thermal stability of ionic liquids as onset temperatures overestimated their maximum operational temperatures [11]. 
2. Experimental methods
2.1. Chemicals
The compounds used to prepare the DESs were supplied by Sigma-Aldrich (choline chloride, levulinic acid, malonic acid, glycerol, ethylene glycol, phenylacetic acid, 3-phenylpropionic acid and D-(+)-glucose), and by Merck KGaA (urea). Table 1 shows the purities along with other important information for these chemicals. 
Table 1. Chemical specifications.

	Chemical 
	Supplier
	Purity / %
	Analysis Method
	Water content

	Choline chloride
	Sigma–Aldrich
	>=98%
	Titration with AgNO3 
	<1% waterb

	Malonic acid
	Sigma–Aldrich
	99%
	Titration by NaOH
	-

	Levulinic acid
	Sigma–Aldrich
	98%
	GCa
	-

	Phenylacetic acid
	Sigma–Aldrich
	99%
	Titration by NaOH
	-

	3-Phenylpropionic acid
	Sigma–Aldrich
	99%
	Titration by NaOH - GCa
	-

	Ethylene glycol anhydrous
	Sigma–Aldrich
	99.8%
	GCa
	<0.003% waterb

	Glycerol
	Sigma–Aldrich
	>=99.0%
	GCa
	<1% waterb

	Urea
	Merck KGaA
	>=99.0%
	-
	-

	D-(+)-Glucose
	Sigma–Aldrich
	>=99.5%
	GCa
	-


a Gas Chromatography

b Karl Fischer
2.2. Preparation of DESs
Choline chloride was dried under vacuum (10 kPa) prior to use in a Büchi Glass Oven B-585 connected to a Büchi Vacuum Pump V-700 at a temperature of (323 ± 1) K for 12 h; it was also stirred at 50 rpm to improve the drying. The eutectic mixtures were gravimetrically prepared using a Mettler Toledo XS 205 balance with a precision of ± 1·10−5 g. DESs were prepared by the heating method. The two components, hydrogen bond donor (HBD) and dry choline chloride, were placed in a Büchi Glass Oven B-585 for heating and stirring until a clear and homogenous liquid was formed. DESs formed from ethylene glycol, glycerol, levulinic acid, malonic acid, and urea were heated at 333 K, whereas DESs formed from phenylacetic acid, phenylpropionic acid, and glucose were heated at 363 K. Once all DESs were prepared, they were dried under a vacuum pressure of 10 kPa at (323 ± 1) K for 12 h [12,13]. Then, their water content was measured in a Mettler Toledo DL31 Karl Fischer Titrator. Values of water content always were lower than 0.5 %. The further handling of the DESs was performed in a glove box under dry nitrogen to avoid hidration. In Table 2, HBD chemical structures and DES compositions are presented.
2.3. FTIR-ATR spectroscopy of DESs
The Fourier transform infrared-attenuated total reflectance (FTIR-ATR) spectroscopy of the DESs and their pure constituents were carried out using a Jasco FT/IR-4700 spectrometer, with a DLATGS detector, coupled with an Specac Golden Gate ATR system and a Peltier temperature control. The wavenumber measurement range of this equipment was from 7800 to 350 cm-1. Spectra had a 4 cm-1 resolution and a 0.964 cm-1 sampling interval. The spectra were obtained under atmosphere conditions and a cover was used to avoid hydration of the samples. Measurements were made at a temperature of (298 ± 1) 
K for isothermal spectra and in the range of temperatures from (313 to 473) ± 1 K with a heating rate of 10 K·min-1 for dynamic spectra. The value of the heating rate was high enough to ensure the quality of the FTIR-ATR spectra [14]. Before every spectrum, a background reference was taken using an empty cell to ensure no interferences. Then, spectrum intensity was transformed into relative transmittance, %T.

Table 2. Choline chloride (ChCl)-based DESs and their compositions.
	Hydrogen bond donor (HBD) 
	ChCl : HBD (molar ratio)
	Abbreviation
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	Malonic acid
	1 : 1
	ChCl:Mal

	[image: image15.png]100.0

mil%

95.0

90.0

85.0

80.0

75.0

70.0

—-ChCl:Urea
—ChClI:Gluc

0

2 4

6

tlh

10

12

14

16

18

20





	Levulinic acid
	1 : 2
	ChCl:Lev

	[image: image16.png]--ChCl:Glyce
--ChCl:Urea
—ChClI:Gluc

0

2 4





	Phenylacetic acid
	1 : 2
	ChCl:Phenylac
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	3-Phenylpropionic acid
	1 : 2
	ChCl:Phenylprop
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	Ethylene glycol
	1 : 2
	ChCl:EG
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	Glycerol
	1 : 2
	ChCl:Glyce
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	Urea
	1 : 2
	ChCl:Urea
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	D-(+)-Glucose
	2 : 1
	ChCl:Gluc


2.4. Thermogravimetric analysis of DESs 
The thermal stabilities of the DESs and their pure constituents were determined by thermogravimetric analysis (TGA) under nitrogen atmosphere using a Mettler Toledo TGA/DSC 1 instrument. A dynamic mode at a temperature range from (323.2 to 673.2) K with heating rates of 5 and 10 K·min-1 was used to determine the onset decomposition temperatures. The maximum operating temperatures in long-term scenarios were determined with an isothermal mode at temperatures from (323.2 to 403.2) K for 20 h. Since DESs are very hygroscopic substances, every sample was heated at a temperature of 378.2 K for 15 min before every measurement to avoid the effect of water on the decomposition curves. A complete description of this method can be found elsewhere [11].
3. Results and discussion

3.1. Isothermal FTIR-ATR study on the formation of DESs
Figs. S1a-h in the Supplementary Material represent normalized FTIR-ATR spectra at 298 K for the eight DESs (red dashed line) along with those for their two pure constituents (blue straight line for ChCl and green dotted line for HBD). Pure choline chloride shows several functional groups but few of them co-exist after the DESs formation [15]; vibrational bands at 3200 cm-1 and 1200-880 cm-1 refer to a hydroxyl or 
amino group (first a N-H stretching, then a C-N+ symmetric stretching), meanwhile vibrational bands at 2990-2850 cm-1 and 1485-1420 cm-1 refer to an alkyl group, being the CH2 bending at 1485 cm-1 the prominent group detected in all ChCl-based DESs. 
Fig. S1a shows the spectrum for the DES ChCl:Mal. As can be seen, vibrational bands appears at 2920 cm-1 and 1414 cm-1 that match up with O-H stretching and O-H bending, respectively. Vibrational bands at 1718 cm-1 refer to a carbonyl compound and C=O stretching, 1485 cm-1 to the CH2 bending of an alkyl group, 1150 cm-1 to the C-O stretching of an aliphatic ketone group, and 862 cm-1 to a C-N+ symmetric stretching. These spectra agree well with others previously published [15,16]. 
In Fig. S1b the formation of the DES ChCl:Lev was confirmed with the vibrational bands at 2910 cm-1 and 1485 cm-1 that show the presence of an alkyl group. Vibrational bands at 1711 cm-1, 1400 cm-1, 1360 cm-1, and 1200-1150 cm-1 refer to an aliphatic ketone group, meanwhile the vibrational band at 1720 cm-1 refer to a carbonyl compound and the vibrational band at 1300-1000 cm-1 refers to an ester or ketone group [17]. 
Fig. S1c shows the spectrum for the DES ChCl:Phenylac. Vibrational 
bands at 3030 cm-1, 1494-1376 cm-1, and 1221-1158 cm-1 refer to strong stretching groups of C-H and C-H bending, 
1485 cm-1 to the CH2 bending of an alkyl group, 1300 cm-1 to C-O bending, and 1715 cm-1 to a strong peak that corresponds to C=O group [19,20].
 
Fig. S1d shows the spectrum for the DES ChCl:Phenylprop. The similarity between the structure of phenylacetic acid and phenylpropionic acid originates two spectra with the same vibrational bands; strong stretching groups of C-H and C-H bending, CH2 bending of an alkyl group, C-O bending, and an strong peak at 1734 cm-1 that corresponds to a C=O group
. 
Fig. S1e shows the spectrum for the DES ChCl:EG. Vibrational bands at 3300 cm-1 and 560 cm-1 refer to O-H stretching and O-H bending of hydroxyl groups, respectively. Vibrational bands at 2930 cm-1 and 2875 cm-1 refer to a C-H stretching of a sp3 hybridized bending, 1485 cm-1 to the CH2 bending of an alkyl group, and 1110 cm-1, 1035 cm-1, and 862 cm-1 to functional groups, namely C-O stretching, C-C-O asymmetric stretching, and C-C-O symmetric stretching, respectively [15,20]. Additional bands appear at 1203 cm-1 and 3030 cm-1 that refer to C-O-H bending and N-H stretching, respectively [15]. 
Fig. S1f shows the spectrum for the DES ChCl:Glyce. The similarity between glycerol and ethylene glycol molecules causes the appearance of the same vibrational bands in the DES ChCl:EG and ChCl:Glyce. 
In Fig. S1g, the spectrum of the DES ChCl:Urea are shown. Vibrational bands at 3320 cm-1 refer to symmetric NH2 stretching, 3189 cm-1 to the N-H stretching and O-H stretching of an amino and hydroxyl group, 1477 cm-1 to the CH2 bending of an alkyl group, 864 cm-1 to a C-N+ symmetric stretching, and 1660 cm-1, 1609 cm-1 , and 784 cm-1 to functional groups of urea, namely C=O stretching for amide, N-H scissoring band, and N-H bending band, respectively [15]. 
Fig. S1h shows the spectrum for the DES ChCl:Gluc. Vibrational bands in the region from 3600 to 3000 cm-1 match up with the O-H vibrational stretching. Bands at 2920 cm-1 refer to C-H stretching, 1470 cm-1 to a combination of bands of C-C-H and C-O-H, 1485 cm-1 to the CH2 bending of an alkyl group, 1665 cm-1 to C=O stretching, the intense bands at 1000 cm-1 region are due to the C-O and C-C stretch vibrations, and bands at 917 cm-1 are assigned to C-C stretching [21,22].
3.2. The thermal stability of DESs
Figs. 1 a-h represent the dynamic TGA curves with a heating rate of 10 K·min-1 for the eight DESs and their pure constituents. Table 3 summarizes the values of the onset decomposition temperature (Tonset) obtained from the dynamic TGA curves with heating rates of 5 and 10 K·min-1.  The onset decomposition temperature is a remarkable property as it determines the maximum temperature at which DESs can maintain their liquid state without decomposition and thus their range of use as solvents [23]. 
As can be seen in Table 3, the values of the onset decomposition temperature for the DESs are between those of their pure constituents. The only exception for this general rule is observed for the DES ChCl:Mal, being the value of its onset decomposition temperature lower than those of their pure constituents. 
As can be observed in Fig. 1a, the decomposition of the DES ChCl:Mal  starts at 373 K; a lower temperature than those for the malonic acid that starts to decompose at 408 K (melting point and decomposition temperature to acetic acid for pure malonic acid [29,30]). Hall et al. reported a study of the effect of changing concentration and changing pH on the rate of decomposition  of malonic acid in aqueous solution and the results obtained confirm that a decrease in the pH values caused a significant increase in the values of the decomposition rate constant [30]. Thus, the liquid state and the decrease of pH with temperature, as a consequence of the generation of acetic acid, of this eutectic mixture would explain why the onset decomposition temperature of this DES is lower than those for pure malonic acid. On the other hand, the complete decomposition of malonic acid in the DES occurs between (373-539) K, meanwhile the decomposition of the ChCl starts at 539 K [31]. The same steps of degradation for this DES were previously reported by Hu et al. [24]. 

Figs. 1b-d represent TGA curves for the three remaining DES composed of carboxylic acids as HBD. These DESs show intermediate decomposition curves between those of the ChCl and the carboxylic acid, which have boiling points at 518.7 K for levulinic acid [32], 538.7 K for phenyl acetic acid [33], and 553.0 K for phenylpropionic acid [33]. They show two degradation steps, the first one between (380-525) K related to the complete vaporization of the carboxylic acid, and the second one between (525-575) K associated with the complete ChCl decomposition. 
As can be seen in Fig. 1e, the DES ChCl:EG shows a higher stability than pure ethylene glycol, which have completely vaporized at 390 K. 
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Fig. 1 a - h. Dynamic TGA curves with a heating rate of 10 K · min-1: a) ChCl, malonic acid, and DES ChCl + Malonic acid 1 : 1; b) ChCl, levulinic acid, and DES ChCl + Levulinic acid 1 : 2; c) ChCl, phenylacetic acid, and DES ChCl + Phenylacetic acid 1 : 2; d) ChCl, phenylpropionic acid, and DES ChCl + Phenylpropionic acid 1 : 2; e) ChCl, ethylene glycol, and DES ChCl + Ethylene glycol 1 : 2; f) ChCl, glycerol, and DES ChCl + Glycerol 1 : 2; g) ChCl, urea, and DES ChCl + Urea 1 : 2; and h) ChCl, glucose, and DES ChCl + Glucose 2 : 1.
QUITAR “TG” DE TODAS LAS ETIQUETAS DE LAS FIGURAS 1 A-H
Table 3. Onset temperatures of DESs with heating rates of 5 and 10 K·min-1, and P = 0.1 MPa.

	DESs
	ChCl : HBD
(molar ratio)
	HRa/ K.min-1
	Tonset/ K
	 
	Tonset, bibliography/ K for DESs

	
	
	
	DES
	ChCl
	HBD
	 
	

	ChCl:Mal
	1:1
	5
	386.3
	543.7
	406.3
	
	

	
	
	10
	394.0
	573.0
	416.3
	
	397.83 [23]

	ChCl:Lev
	1:2
	5
	431.5
	543.7
	408.5
	
	453 [17]

	
	
	10
	459.0
	573.0
	425.3
	
	449.72 [23], 383-433 [24]

	ChCl:Phenylac
	1:2
	5
	425.2
	543.7
	411.3
	
	463 [19]

	
	
	10
	452.4
	573.0
	428.4
	
	

	ChCl:Phenylprop
	1:2
	5
	429.6
	543.7
	427.0
	
	

	
	
	10
	446.8
	573.0
	443.9
	
	

	ChCl:EG
	1:2
	5
	380.2
	543.7
	352.1
	
	

	
	
	10
	384.7
	573.0
	371.7
	
	390 [30]

	ChCl:Glyce
	1:2
	5
	457.0
	543.7
	450.0
	
	

	
	
	10
	488.9
	573.0
	465.2
	
	500.30 [23], 488 [25], 473 [26], 489 [27]

	ChCl:Urea
	1:2
	5
	445.7
	543.7
	423.4
	
	

	
	
	10
	462.6
	573.0
	429.7
	
	473 [26], 484 [27], 484.17 [28]

	ChCl:Gluc
	2:1
	5
	457.1
	543.7
	464.3
	
	

	 
	 
	10
	497.1
	573.0
	473.9
	 
	512.20 [23]


a Heating rate.

PUNTO Y SEGUIDO. The first step of mass loss from (354 to 516) K is due to the evaporation of ethylene glycol below its boiling point. The second step of mass loss from (516 to 555) K is attributed to the vaporization of ethylene glycol once its boiling point is reached and exceeded. The third step of mass loss from (555 to 582) K is due to the ChCl decomposition. These steps of degradation for the DES ChCl:EG fully agree with the work previously published by Abbas et al. [25]. 
As can be seen in Figs. 1f-h, the DESs ChCl:Glyce, ChCl:Urea, and ChCl:Gluc are the most stable because of the higher thermal stability of their HBDs. Fig. 1f shows the DESs ChCl:Glyce only have one mass loss step caused by the vaporization of glycerol and the simultaneously thermal decomposition of ChCl; both processes occurring in a single step because the glycerol boiling point (563 K [34])  is close to the ChCl decomposition temperature (578 K [35]). In Fig. 1g, the ChCl:Urea TGA curve shows two different slopes. Between (403 – 490) K occurs the first decomposition step of urea into cyanic acid, ammelide, and biuret, generating a 35 % mass loss; then, the second decomposition step of urea starts at 488 K in which the cyanuric acid derived from biuret completely decomposes [36]. This second decomposition step coincides with the thermal decomposition of ChCl. In Fig. 1h, the ChCl:Gluc TGA curve also shows two different slopes, corresponding to the two decomposition steps of glucose; the second decomposition step is also coincident with the thermal decomposition of ChCl. 
It can be concluded, therefore, in the light of above, the DESs ChCl:EG and ChCl:Mal are the least stable of all the eutectic mixtures analyzed due to the high volatility of ethylene glycol and the thermal decomposition of malonic acid, respectively, as already explained above. The other carboxylic acid groups used as HBD (levulinic acid, phenylpropionic acid, and phenylacetic acid) provide a similar thermal stability to the DESs. On the other hand, the most stable DESs are those form from HBDs with high thermal stabilities and boiling points such as urea, glycerol, and glucose. Thus, in order to obtain DESs with high stability, it is recommended to use HBD with low volatility and high thermal stability.
3.3. Dynamic FTIR-ATR study on the effect of temperature on the stability of DESs
Figs. S2 a-h in the Supplementary Material show the dynamic FTIR-ATR spectra for the eight DESs at temperatures from (313 to 473) K with a heating rate of 10 K·min-1. They allow the study of the structural changes of the DESs with temperature by observing the vibrational bands. As it can be seen, the spectrum intensity decreases when the temperature increases for all the DESs 
. This behavior agrees very well with the results obtained in the dynamic TGA in which the vaporization or thermal decomposition of the HBDs is observed at temperatures below 473 K. In addition to this, the vibrational bands corresponding to carboxylic acid (around 1720 cm-1 and 1160 cm-1) in the spectra show in Figs. S2 a-d decrease, meanwhile two bands of carboxylate group (around 1580 cm-1 and 1450 cm-1) increase due to the carbonyl group deprotonation at temperatures higher than 413 K [37].  
3.4. The maximum operating temperature of DESs
Figs. 2-6 show the isothermal TGA curves of the eight DESs for 20 h. These assays were performed at temperatures of 323.2 K and 343.2 K for all the DESs. Besides,  essays at higher temperatures (363.2 K, 383 K, and 403.2 K) were done for the most stables DESs (ChCl:Glyce, ChCl:Urea, and ChCl:Gluc). These essays are of particular interest because the onset decomposition temperatures obtained by dynamic TGA tend to overestimate the thermal stability of the substances, as it was demonstrated for ionic liquids in our previous work [11,38,39]. The interest of long-term thermogravimetric analyses of DESs has been also previously reported by Skulcolva et al. [40].

 Table 4 summarizes the mass loss of every DES after the isothermal TGA. It can be seen the thermal stability of the DESs increases in the order: ChCl:EG < ChCl:Mal < ChCl:Lev < ChCl:Phenylac < ChCl:Phenylprop < ChCl:Glyce < ChCl:Urea < ChCl:Gluc. This agrees well with the results from dynamic TGA. However, significant differences in the values of the onset decomposition temperature (table 3) and the isothermal temperature of the DESs (table 4) can be observed. Let us, for example, the DESs form from ChCl and malonic acid at 1:1 molar ratio and ChCl and ethylene glycol at 1:2 molar ratio. They have been the less stable eutectic mixtures, showing an onset decomposition temperatures of 394.0 K and 384.7 K for a heating rate of 10 K·min-1, respectively, but a mass loss higher than 8 wt.% at isothermal conditions of 323.2 K for 20 h. On the other hand, the DESs form from choline chloride and glucose at 2:1 molar ratio, which has been the most stable eutectic mixture with an onset decomposition temperature of 497.1 K for a heating rate of 10 K·min-1, show a mass loss higher than 7 wt. % at isothermal conditions of 403.2 K for 20 h. 
In short, onset decomposition temperatures tend to overestimate the thermal stability for every DES. In fact, differences between both onset decomposition temperatures from dynamic TGA and temperatures for a mass loss higher than 5 wt. % from isothermal TGA for 20 h are higher than 60 K. Thus, the maximum operating temperature that assures the DESs can maintain their liquid state without decomposition is much lower than those obtained by dynamic TGA.
Therefore, a detailed study of the thermal stability of DESs seems to be essential before their use in any industrial process where operational times are high and recycling of solvents is necessary. In this sense, Ruβ et al. reported the lower temperature stability of the eutectic mixtures could make recycling more difficult and could reduce the efficiency and economy of the process [8]. Herein, we complement this statement by demonstrating it is essential to select compounds with low volatility as DES constituents to assure a wide range of temperatures at which DESs maintain their liquid state and their range of application. 
Table 4. Mass loss for DESs as a function of temperature derived from isothermal TGA after 20 h at P = 0.1 MPa.

	DESs
	ChCl : HBD (molar ratio)
	Mass lost (wt.%)

	
	
	323.2 K
	343.2 K
	363.2 K
	383.2 K
	403.2 K

	ChCl:Mal
	1:1
	9.28
	41.42
	-
	-
	-

	ChCl:Lev
	1:2
	3.93
	16.99
	-
	-
	-

	ChCl:Phenylac
	1:2
	3.55
	9.27
	-
	-
	-

	ChCl:Phenylprop
	1:2
	3.23
	8.42
	-
	-
	-

	ChCl:EG
	1:2
	8.54
	42.86
	-
	-
	-

	ChCl:Glyce
	1:2
	0.87
	3.60
	8.06
	-
	-

	ChCl:Urea
	1:2
	0.30
	1.52
	3.06
	21.80
	-

	ChCl:Gluc
	2:1
	0.02
	0.03
	0.14
	1.48
	7.27



[image: image9]Fig. 2. Isothermal TGA curves for DESs at T = 323.2 K. 

[image: image10]Fig. 3. Isothermal TGA curves for DESs at T = 343.2 K. 

[image: image11]Fig. 4. Isothermal TGA curves for DESs at T = 363.2 K. 


[image: image12]Fig. 5. Isothermal TGA curves for DESs at T = 383.2 K. 


[image: image13]Fig. 6. Isothermal TGA curves for the DES ChCl:Gluc at T = 403.2 K. 

4. Conclusions

In this work, the stability of eight choline chloride-based deep eutectic solvents (DESs) has been studied. As hydrogen bond donors (HBDs) have been used levulinic acid, malonic acid, glycerol, ethylene glycol, phenylacetic acid, phenylpropionic acid, urea, and glucose. Isothermal and dynamic FTIR-ATR analyses have been made to confirm the formation of the DESs and to study the effect of temperature on the structural changes of the DESs, respectively. Dynamic and isothermal TGA were carried out to evaluate the thermal stability of the DESs. It has been proved dynamic TGA tend to overestimated the thermal stability of the DESs, and isothermal TGA  have evidenced the high mass losses of some DESs because of the volatility of the HBD when they are subjected to moderated temperatures for long-term scenarios. Hence, this work states the importance of establishing the real range of temperatures for DESs application by means of isothermal TGA analysis to properly develop alternative solvents with a real potential to be used at industrial scale. 
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�Para que?


FRASE LARGA Y CONFUSA


�¿ PRECISION 1ºC?


�¿PRECISION?


�¿PRECISION?


�¿PRECISION 1 K?


�¿OR o AND?


�¿O “vibrational”?


�


�¿3 bandas, dos grupos? ¿RESPECTIVELY?


�¿¿¿???


�¿o “groups”?


�BANDS – BANDS ???


�FALTA DE LOGICA


Esto mismo le sucede al acido malonico puro.


�CREO QUE ES LA PRIMERA VEZ QUE SE CITA ESTE ARTICULO.  ¿24? Cuando antes ya se ha citado 31.


�¿EN TODOS? SI NO ESPECIFICAR EN CUALES.
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