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ABSTRACT  

In this paper, four natural deep eutectic solvents (NADES) systems were prepared at specific molar 

ratios, La:Bet (2:1) (lactic acid:betaine), La:Hist (9:1) (lactic acid:histidine),  Ma:Bet:H2O (1:2:3) 

(malic acid:betaine:water) and Ma:Bet:Pro:H2O (1:1:1:2) (malic acid:betaine:proline:water). Their 

physical and thermodynamic properties were studied, namely viscosity, electrical conductivity, 

heat capacity and vapor pressure. The viscosity and electrical conductivity were determined as 

function of temperature and the correlation for the temperature dependence was obtained and 

discussed based on Arrhenius theory. The heat capacity for all eutectic systems was measured by 

differential scanning calorimetry (DSC) over a temperature range of 293.15 K to 363.15 K. The 

vapor pressure La:Bet (2:1)  and La:Hist (9:1) was determined by thermogravimetric analysis 

(TGA). The ability of these NADES to reduce cellulose crystallinity was evaluated. Cellulose 

crystallinity after suspension in these NADES was studied by X-ray diffraction. Cellulose 

suspended in Ma:Bet:H2O (1:2:3) suffer the highest crystallinity reduction among the systems 

studied and was about of 20%. 
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1. INTRODUCTION 

Green chemistry presents itself as the most active field of science to develop sustainable 

processes and/or solvents.1–4 In an Era where, industrial growing has been exponential, this has a 

significant negative impact on the environment. With this, several alternatives of processes and 

compounds/solvents have emerged as a strategy to reduce or minimize this negative impact. In the 

last decades, compounds as ionic liquids (IL) have been present as such alternative solvents, but it 

has been verified that these solvents have some drawbacks as high cost of synthesis, purification 

requirements and toxicity. More recently, a new type of solvents have emerged called Deep 

Eutectic Solvents (DES).5–9 DES are formed by two or three components/compounds which are 

capable to interact, through hydrogen bonds and/or electrostatic interaction and hence create an 

eutectic mixture.2,10–13 The main characteristic of DES is that the melting point of the mixture is 

much lower when compared with each individual component. In some cases,  a very large 

depression of the melting point is observed, being the mixture liquid at room temperature.3,8,14 

Several investigations, regarding plant and animal metabolism, report a large number of stable 

compounds composed of primary metabolites, which were found to have similar properties to 

DES. Due to their natural occurrence these systems are called Natural Deep Eutectic Solvents 

(NADES). NADES are, thus, defined as a mixture of two or more components of natural origin 

such as sugars, carboxylic acids, alcohols and amino acids.1,8,15–17 NADES present all 

characteristics for which a green solvent is recognized. This family of compounds presents several 

advantages such as ease to prepare with high purity and high yield. These eutectic systems are also 

known to be non-toxic, biodegradable, biocompatible and present a low vapor pressure.3,6,8,10,17–19  

Industrial applications of NADES are very promising namely organic synthesis,8.12.15 extraction 

processes,15,20,21 electrochemistry16,22,23 and enzymatic reactions24–28 among others.  
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Some eutectic systems have already demonstrated the potential to dissolve lignocellulosic 

material. Lignin, hemicellulose, cellulose and starch solubility was evaluated and successfully 

demonstrated.29  

In this work the DES systems will be characterized to fully understand them and also to allow 

the design and development of models able to predict their properties.3,5,6,15 The ability of these 

systems as modifiers of cellulose crystallinity will also be tested. 

2. EXPERIMENTAL 

2.1. Materials 

The chemical reagents L-Histidine (CAS 71-00-1), L-Proline (CAS 147-85-3) and Betaine (CAS 

107-43-7) were acquired from Sigma-Aldrich with a purity of 99.8%. 99.9% and 99.0%, 

respectively. Cellulose fibers (CAS 9004-34-6) was also purchased from Sigma-Aldrich. 

DL-lactic acid (CAS 50-21-5) was acquired from TCL with a purity of 85.0% and DL-malic 

acid (6915-15-7) was acquired from Alfa-Aesar with a purity of 98%.  

For the thermogravimetric measurements it was used hexadecane (CAS 544-76-3), bought from 

Sigma-Aldrich with a purity of 99.8%. Table 1 lists the chemical reagents used. 

Table 1. Names, sources, and purities of chemicals used in the current study chemical. 

Chemical Physical state source assay CAS registry number 

L-Histidine solid Sigma-Aldrich 99.8% 71-00-1 

L-Proline solid Sigma-Aldrich 99.9% 147-85-3 

Betaine solid Sigma-Aldrich 99.0% 107-43-7 

Cellulose fibers solid Sigma-Aldrich   

Hexadecane liquid Sigma-Aldrich 99.8% 544-76-3 

Water ultrapure liquid System Milli-Q   
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DL-lactic acid liquid TCL 85.0% 50-21-5 

DL-malic acid solid Alfa-Aesar 98.0% 6915-15-7 

2.2. Preparation of the NADES 

The NADES were prepared by the heating and stirring method. This method consists in mixing 

the components of the mixture (two or more), according to the amounts calculated considering 

different molar ratios (Table 2). The systems were heated to 343.15 K and stirred at 300 rpm, until 

a clear liquid is formed (1h30-2h). A 831 KF Coulometer with generator electrode and without 

diaphragm was used. The water content values given are an average of at least three measurements. 

2.3. Polarized light microscopy (POM) 

The optical characterization of NADES samples was performed at room temperature by POM, 

using an Olympus transmission microscope (Olympus, UK) coupled with a Leica digital camera 

DFC 280 (Leica, UK). Microscope slides containing 1-2 droplet of the different NADES prepared 

were observed under the microscope under polarized light.  

2.4. Differential scanning analysis (DSC) 

2.4.1 Assessment of heating profile/degradation temperature 

The NADES and initial components were characterized by DSC (model DSC Q100, T.A, 

instruments, USA) in a temperature range of 233.15 K up to the degradation temperature, at a 

heating rate of 5 K min-1, after an isothermal period at 233.15 K of 5 min. The analyses were 

performed under nitrogen atmosphere (50 mL min-1) with 10-15 mg of sample of NADES in an 

aluminium pan with a covering lid.  

2.4.2 Measurement of molar heat capacity  
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For the measurement of the molar heat capacity (Cp) of NADES the same DSC equipment was 

used. For each run, a 5 min isothermal at 293.15 K was followed by a temperature ramp from 

293.15 K to 363.15 K at a heating rate of 5 K min-1, and then a final isothermal stage at 363.15 K 

for 5 min. The differential heat flow curve of the samples was compared with that of standard 

sapphire.30 Both curves were blank corrected. Calibration of the equipment was performed using 

indium. The method used for measurement of the Cp of NADES was validated by measuring the 

Cp of ultrapure water. All measurements were replicated three times, and the averaged 

valuesstandard deviation were reported. 

2.5. Measurement of conductivity 

The conductivity () was measured using an Inolab multi-level 3 (WTW) equipment equipped 

with a WTW Tetracon® 325 conductivity probe and with built-in temperature and conductivity 

sensors. For each system, the conductivity was measured in triplicate. The liquid (4 mL) was 

enclosed on a sealed bottle, fitted with the conductivity sensor. The system was immersed in a 

water bath, with temperature sensor for controlling temperature, at a temperature range of 293.15 

K to 343.15 K. All measurements were replicated three times, and the averaged valuesstandard 

deviation were reported. 

2.6. Measurement of viscosity 

The viscosity of the systems was measured using a Kinexus Prot+ Rheometer (Kinuxus Pro t+, 

MaL 1097376, Malvern) equipped with the plate geometry with 20 mm of diameter (PU20 SR1740 

SS) and the gap used was 1 mm. For each run, the method used consisted in an equilibrium step at 

293.15 K during 5 min followed by a temperature ramp from 293.15 K to 344.15 K, at 5 K min-1. 
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The viscosity, for each system, was measured three times and the results are presented as the 

average values ± standard deviation. 

2.7. Simultaneous Thermal Analyzer – STA 

The vapor pressure of La:Bet (2:1) and La:Hist (9:1) were determined by thermogravimetric 

analysis (TGA) using a STA - Simultaneous Thermal Analyser (STA7200, 10101018000033, 

Hitachi). The analyses were performed according to previously reported optimal experimental 

conditions.31 A sample of about 50-60 mg of NADES was placed in a platinum crucible with 

vertical walls, a diameter of 5 mm and 2.5 mm height. The crucible was filled up to the edge. A 

nitrogen gas flow of 200 mL min-1 was used. The temperature ranged from 333.21 K to 389.01 K 

for La:Bet (2:1) and from 332.91 K to 388.27 K for La:Hist (9:1) and a heating rate of 1 K min-1 

was used. The mass loss at each isothermal step of the scan was of 0.2-0.8 mg, the duration of each 

isothermal step was of at least 10 min and the temperature range used for each NADES was of 60 

K. The samples inside the TGA were carefully conditioned. Each NADES was exposed to a 

heating ramp of 5 K min-1 until 383.15 K for 20 min. This procedure allowed the removal of 

volatile impurities and traces of water. This heating ramp was repeated until a reproducible mass 

loss within two consequent runs was recorded.  

The NADES incorporating water (Ma:Bet:H2O (1:2:3) and Ma:Bet:Pro:H2O (1:1:1:2)) were not 

studied using this TGA method as the temperatures used to evaporate the samples would be above 

the boiling temperature of water and this fact could influence the composition of the NADES. 

To test the selected experimental conditions for the determination of the vapor pressure of the 

NADES we have studied one compound (hexadecane) which has well-established vapor pressure 

in order to confidently extend this condition to the NADES for which there is no experimental 
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data. The obtained results were compared to those described in the literature.32,33 For each 

compound at least 7 independent runs have been performed in the selected temperature range.  

2.8. Crystallinity of cellulose after NADES treatment. 

To determine the effect of NADES in the reduction of cellulose crystallinity, long cellulose 

fibers or cotton linters were used, as an example of this polymer. In a vial 20 mg of cellulose was 

weighed and 1 g of each NADES was added. The suspensions were stirred overnight at 313.15 K. 

For the Ma-based NADES experiments were also performed at 333.15 K. 

After that period, cellulose was recovery by water precipitation, centrifuged and washed three 

times with ethanol, to assure all DES removal. The recovered cellulose was dried and the 

crystallinity analyzed through X-ray diffraction method. 

2.9. X-ray diffraction method 

The XRD patterns were collected using a conventional Bragg–Brentano diffractometer (Bruker 

D8 Advance DaVinci, Germany) equipped with CuKα radiation, produced at 45 kV and 36 mA. 

Data sets were collected in the 2 range of 5-50º with a step size of 0.05º and 15s for each step.  

For crystallinity reduction determination (CR), the deconvolution method was used.34 The peak 

integration was done with the help of Fit Peak, from Origin (OriginLab, Northampton, MA).  The 

crystallinity reduction (CR) of cellulose and cellulose NADES-treated was determined according 

to the following equation: 

𝐶𝑅 (%) =  
𝐶𝐼𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒−𝐶𝐼𝑠𝑎𝑚𝑝𝑙𝑒

𝐶𝐼𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
 ,                (1)  

whereas CI is the crystallinity index (%) that is determined from the ratio of the area of all 

crystalline peaks to the total area. 
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3. RESULTS AND DISCUSSION  

3.1. NADES preparation 

In the present work four NADES were prepared. These NADES are composed by acids and 

amino acids (Figure 1) in the adequate molar ratio to form the eutectic mixture, and they are liquid 

at room temperature. The eutectic systems herein studied are La:Bet (2:1), La:Hist (9:1), 

Ma:Bet:H2O (1:2:3) and Ma:Bet:Pro:H2O (1:1:1:2). The eutectic systems were obtained by mixing 

the components of each system in the correct/appropriate molar ratio. While malic acid based 

systems required the addition of water to form the viscous and transparent liquid NADES at room 

temperature, in turn, the lactic acid based systems do not require the addition of water. However, 

Karl Fisher titration has shown that water is present in the systems La:Bet (2:1), La:Hist (9:1) and 

the ratio of water present in these systems was determined to be La:Bet:H2O (2:1:2) and 

La:Hist:H2O (9:1:5). The values obtained for each NADES thourgh Karl Fischer are shown in 

table S1. Table 2 lists the components that constitute the NADES systems and the molar masses 

that were determined for each eutectic system.  
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Figure 1. Chemical structure of the components used to prepare the natural deep eutectic solvents 

(NADES). 

Throughout the preparation process, the systems acquired the liquid form after few hours (1h30-

2h). The systems present a clear, limpid and transparent liquid and without evident crystals present. 

After cooling this aspect is maintained, the systems are stable and no precipitates were observed. 

All properties were determined for the systems La:Bet:H2O (2:1:2), La:Hist: H2O (9:1:5), 

Ma:Bet:H2O (1:2:3) and Ma:Bet:Pro:H2O (1:1:1:2), with the exception of the vapor pressure. In 

this case the systems La:Bet:H2O (2:1:2) and La:Hist: H2O (9:1:5) were studied, but we ensured 

the complete drying.  

 

 

 

 

 

Table 2.  Description of the components that comprise the NADES studied and molar ratios. 

NADES 
Component 

1 

Component 

2 

Component 

3 

Component 

4 

Molar 

ratioa 

Molar mass 

MNADES
b 

(g mol-1) 

La:Bet:H2O Lactic acid Betaine Waterc _ 2:1:2 66.67 

La:Hist:H2O Lactic acid Histidine Waterc _ 9:1:5 70.40 

Ma:Bet:H2O Malic acid Betaine Water _ 1:2:3 70.41 
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Ma:Bet:Pro:H2O Malic acid Betaine Proline Water 1:1:1:2 80.48 

a Standard uncertainty, u, in mole fraction are u(x) = 0.001. 

b MNADES = xcomp1Mcomp1+…+ xcomp4Mcomp4, where x and M are mole fraction and molar mass, 

respectively; 

c The water content was not added to the system, it is present in the lactic acid raw material. 

3.2. POM and DSC results 

The POM characterization (Figure 2) confirms the successful production of these four eutectic 

systems as the mixtures did not contain any crystals.  

The thermal behaviour was studied by DCS. The thermograms for La:Bet:H2O (2:1:2), La:Hist: 

H2O (9:1:5), Ma:Bet:H2O (1:2:3) and Ma:Bet:Pro:H2O (1:1:1:2) mixtures and the individual 

components are presented in Figure 3. The thermograms of the eutectic mixtures did not present 

any of the characteristic peaks (i.e., melting points) of the pure components. 

 

Figure 2.  POM images of NADES, at 293.15 K. 

These systems presented a high stability, the mixtures stayed in liquid form and without crystals 

precipitated for at least 12 months. This stability can be related with the number of hydrogen bond 

donor or acceptor groups, the spatial structure of those groups as well as the position of the 

bonds.3,35  
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Figure 3. DSC thermograms of raw materials (a) and eutectic systems (b). 

3.3. Viscosity and Conductivity  

The chemical nature of the NADES components affects their thermophysical properties, as 

viscosity and conductivity. In the present work, the viscosity was measured in a temperature range 

from 293.15 K to 344.15 K. In Figure 4(a) it is possible to observe the influence of temperature in 

the viscosity of the NADES. The results (Table S2) show that there is a high variation in the 

viscosity with temperature, which points out that the properties of NADES are extremely sensitive 

to temperature. This is particularly important for the development of new processing technologies 

and the use of NADES. The viscosity of all the NADES decreased with the increase in temperature, 

as the internal resistance of the molecules decreases and the molecules more easily flow and the 

liquid is thus less viscous.36,37  

The high viscosity of NADES are often attributed to the presence of hydrogen bonds in the 

network but also to Van der Walls and electrostatic interactions.13,36,38,39 The viscosity is also 
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influenced by the molar ratio and the number of components that form the eutectic systems. Just 

like in the IL’s in the DES, the internal resistance of a fluid at shear stress and intermolecular 

interactions are the main influence of the viscosity values obtained. DES and Il´s also share the 

feature of the to present higher viscosities than other molecular solvents and their differences are 

associated at hydrogen interactions.40–43 

 

Figure 4. Viscosity (a) and conductivity (b) as function of temperature for the four different 

NADES studied. 

 Ma:Bet:Pro:H2O (1:1:1:2) is a system with higher molar ratio and with more components tends 

to present a higher viscosity, because the viscosity is influenced by the number of interactions 

between the components. If there are more components the number of interactions increases and 

therefore the viscosity will increase.13,37,39,44 These intrinsic properties of NADES explain the 

higher viscosity at 298 K. The NADES Ma:Bet:Pro:H2O, with 1:1:1:2 molar ratio and more 

components (four), is the more viscous NADES. This might be due to the large amount of 

hydrogen bond network that is formed between the components. On the other hand, the NADES 
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La:Bet:H2O with a 2:1:2 molar ratio is the less viscous mixture. Therefore, we have the following 

sequence: Ma:Bet:Pro:H2O (1:1:1:2) > Ma:Bet:H2O (1:2:3) > La:Hist: H2O (9:1:5) > La:Bet: H2O 

(2:1:2 ) (2:1), from more viscous to less viscous system, as it is possible to see in Figure 4(a). 

Table 3.  Linear regression fitting parameters for viscosity and conductivity, in the temperature 

(T) range of 298.15 – 343.15 K for four DES at 101.3 kPa.  

NADES 
Viscosity Conductivity 

E(kJ mol-1) Ln 0 R2 E(kJ mol-1) Ln 0 R2 

La:Bet:H2O (2:1:2) 49.64 -20.17 0.9990 33.80 18.62 0.9966 

La:Hist:H2O (9:1:5) 55.01 -21.83 0.9984 36.07 19.85 0.9940 

Ma:Bet:H2O  

(1:2:3) 
55.85 -20.74 0.9968 35.77 19.11 0.9933 

Ma:Bet:Pro:H2O  

(1:1:1:2) 
63.68 -22.86 0.9968 48.35 23.02 0.9933 

 

The conductivity of the four NADES was measured in a temperature range from 293.15 K to 

344.15 K (Figure 4(b) and Table S3). The conductivity is related to ion mobility, this is, as the ion 

mobility increases, the conductivity increases13,27,31,32 and it is affected by the number of charged 

species and their mobility, hence, highly viscous systems have a low conductivity. The 

conductivity follows the sequence: Ma:Bet:Pro:H2O (1:1:1:2) < Ma:Bet:H2O (1:2:3) < La:Bet: 

H2O (2:1:2) < La:Hist: H2O (9:1:5), from the system with lower conductivity to the system with 

higher conductivity. This is confirmed in Figure 4(b). The conductivity of NADES is also greatly 

influenced by temperature, namely, the conductivity increases significantly with increasing 

temperature. Conductivity, being related with the viscosity of the system behaves oppositely. 

While increasing temperature decreases the viscosity of the system, it causes a faster movement 

of the ions, thus increased conductivity. In this sense, systems less viscous have higher 
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conductivity.13.27.31.32 However, in the La based NADES there is an apparent change in the order, 

La:Hist:H2O (9:1:5), has higher viscosity than La:Bet:H2O (2:1:2) but the conductivity is a slightly 

superior to the La:Bet:H2O (2:1:2). On the other hand, the Ma based NADES present a behaviour 

as expected, the more viscous system (Ma:Bet:Pro:H2O (1:1:1:2)) presents a lower conductivity.  

The variation of viscosity with temperature can be expressed through the logarithmic form of 

Arrhenius equation as shown below: 

𝑙𝑛 = 𝑙𝑛
0

+
𝐸

R𝑇
                 (2) 

Where  is the viscosity, 0 is a constant and E is the flow activation energy, R is the gas 

constant and T is the absolute temperature. The activation energy describes the potential barrier 

that ions must overcome to move past the other. Therefore, the higher the activation energy the 

more difficult to the ions to move past each other. In this work, the estimated values of activation 

energy were from 49.64 kJ mol-1 to 63.68 kJ mol-1, which are in agreement with the reported values 

in the literature for other DES.36,47 

Similarly, and as observed for viscosity, the dependence of conductivity with temperature can 

also be expressed in the logarithmic form of Arrhenius equation as show below: 

ln  = ln0 +  
𝐸

R𝑇
                  (3) 

Where  is the conductivity, 0 is a constant and E is the activation energy for electrical 

conduction, R is the gas constant and T is the absolute temperature. Table 3 presents the 

summarized values of E for four NADES. In this work, the estimated values of activation energy 

are between 33.80 kJ mol-1 and 48.35 kJ mol-1, which correlate/agrees with the reported values in 

the literature for other DES.12,45,47–49 

As aforementioned, the conductivity is usually governed by the mobility of charged species in 

ionic fluids, therefore the conductivity will be proportional to the fluidity (-1) of the system. 
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Figure 5 shows the linear correlation between conductivity and the reciprocal of viscosity. This 

linear correlation indicates that the conductivity of the liquid mixtures is limited by the ionic 

mobility. 

 

Figure 5. Conductivity as a function of fluidity (-1) for four NADES, La based NADES (a) and 

Ma based NADES (b).  

3.4. Molar heat capacity (Cp) 

The molar heat capacity (Cp) of the NADES was determined by DSC at a temperature range 

from 293.15 K to 363.15 K. The values of Cp are presented in Figure 6 and Table S4. It can be 

observed that for the studied NADES the values of the Cp linearly and slightly increase with 

increasing temperature.  
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Figure 6. Molar heat capacity for the four different NADES as a function of temperature. 

The Cp of NADES were correlated with temperature using a linear equation given as equation 

(4):  

𝐶𝑝(𝐽 𝑚𝑜𝑙−1𝐾−1) = 𝑎0 + 𝑎1𝑇(𝐾)                 (4) 

Where T is the absolute temperature, and a0 and a1 are adjustable parameters obtained by 

applying the least-squares method (Table 4). Herein, the applied correlation yields a good estimate 

of the Cp of the four NADES, as can be seen in Figure 6. The average absolute deviation (AAD) 

between the experimental and calculated values was calculated from equation (5): 

𝐴𝐴𝐷(%) =
100

𝑛
∗ ∑ |

𝐶𝑝,𝑖
𝑒𝑥𝑝

−𝐶𝑝,𝑖
𝑝𝑟𝑒𝑑

𝐶
𝑝,𝑖
𝑒𝑥𝑝 |𝑛

𝑖=1                 (5) 

Where 𝐶𝑝,𝑖
𝑒𝑥𝑝

 and 𝐶𝑝,𝑖
𝑝𝑟𝑒𝑑

 are the experimental and calculated values, respectively.  

It can also be noted that for the same temperature, the Cp of La:Bet:H2O (2:1:2), is lower than 

La:Hist:H2O (9:1:5), moreover it is higher than of Ma:Bet:H2O (1:2:3) and it is higher than of 

Ma:Bet:Pro:H2O (1:1:1:2), which indicates that Cp decreases with increasing NADES molar mass 

(MNADES) (Table 2). This behaviour is attributed to the number of motion degrees of freedom that 
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are available to the particles in the substance. These results correlate with the reported values in 

the literature for other DES/NADES.45,50–53 

Table 4. Fitting parameters of equation (4) for the Cp of the different NADES. 

NADES 
Parameter No. of data 

points. n 
AAD (%) 

a0 a1 

La:Bet:H2O 0.1365 73.559 7 0.05 

La:Hist:H2O 0.216 96.176 7 0.09 

Ma:Bet:H2O 0.127 97.290 7 0.07 

Ma:Bet:Pro:H2O 0.132 135.340 7 0.17 

 28 0.10 

 

3.5. Vapor pressure  

The TGA experiments performed also allow the determination of the values of vapor pressure. 

Langmuir equation can be rearranged as follows to determine the vapor pressure:31,32 

𝑝 = 𝑘                   (6) 

Where 

𝑘 =
√2𝜋𝑅

𝛼
                   (7) 

And 

  = (
𝑑𝑚

𝑑𝑡
) √

𝑇

𝑀
                 (8) 

where dm/dt is the rate of mass loss, p is vapor pressure, M is molecular mass of the evaporating 

substance, R is the gas constant, T is temperature and  is the evaporation coefficient. The 

hexadecane was selected to determine the constant k. Once the constant k was determined the vapor 

pressure of NADES was calculated using equation (8) by means of the measured evaporation rates, 
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under the same experimental conditions. For hexadecane, the evaporation rate at a temperature 

range of 350.90 K to 417.78 K and the values are reported in Table S5. Subsequently, the parameter 

 was calculated from equation (10) and in Figure S1 is presented a plot of vapor pressure (p) of 

hexadecane against the  calculated in this work. As it can be observed, there is a linear relationship 

between p and  from which the k was determined as –8.2x106.  

 

Figure 7. Vapor pressure of La based NADES. 

The vapor pressure of NADES was obtained from equation (8) by measuring their evaporation 

rates. Table S6 shows the evaporation rates measured, calculated  and vapor pressures of the 

NADES at 330.15 K to 390.15 K. As it is expected the vapor pressures of NADES increases with 

the increase of temperature Figure 7.  

Studies about the vapor pressure of NADES have demonstrated that the formation of hydrogen 

bonds decreases the vapor pressure.11,33,54,55 As aforementioned, hydrogen bonding also influences 

the viscosity of the system, likewise, more viscous systems present lower vapor pressures.31,33 

La:Hist (9:1)

La:Bet (2:1)
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3.6. Crystallinity reduction of cellulose treated with DES 

The ability of using cellulose as subtract in an enzymatic reaction is very reduced, due to its 

supramolecular structure. Only few enzymes are capable of degrading cellulose into more simple 

sugars. Consequently, it is essential to modified cellulose crystallinity, as an attempt to 

empowering cellulases’ competence, reducing the reaction kinetics’ as well. 

 

Figure 8. Cellulose diffraction plans (a) and an example of the Gaussian function applied to the 

diffractogram for the deconvolution method (b). 

The ability of using NADES as modifiers of cellulose crystallinity has been reported in the 

literature. However, its effect has not yet been quantified.29 

The crystallinity quantification was performed by X-RAY analysis. The cellulose crystallinity 

diffractions plans: 101, 101̅, 021, 002 and 040, represented in Figure 8 (a) where used to determine 

the crystallinity of the samples. Following the deconvolution method (one example of this method 

is shown on Figure 8(b)), a Gaussian function was assumed for each peak and each was 

individually integrated with Fit Peak software. The total area was also determined using the same 

software. 
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From 𝐶𝑅 (%) =  
𝐶𝐼𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒−𝐶𝐼𝑠𝑎𝑚𝑝𝑙𝑒

𝐶𝐼𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
,               (9) 

 

Figure 9. Crystallinity reduction calculated for the DES systems used, at different temperatures. 

The cellulose crystallinity reduction was determined, and the effect of each NADES used was 

studied. The results obtained are shown in Figure 9. According to the values obtained, NADES 

show promising results in changing the supramolecular structure of cellulose. MA-based NADES 

seem to have a higher influence on the reduction of cellulose crystallinity. In the case of 

Ma:Bet:Pro:H2O (1:1:1:2), at 313.5 K the CR value obtained can be justified with the solvent 

viscosity at that temperature. In Figure 4 it is possible to observe that this NADES is the one with 

the higher viscosity value. It is only after 330 K that Ma:Bet:Pro:H2O (1:1:1:2) reaches the same 

viscosity values as the other NADES studied. Consequently, lower viscosity values may improve 

DES-cellulose interactions, leading to higher crystallinity reduction, as shown in  

Figure 9. One other hand, systems with lower viscosities also demonstrate lower crystallinity 

reductions, being the case of La:Hist:H2O (9:1:5) and La:Bet:H2O (2:1:2). 
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4. CONCLUSIONS  

In this study, four new NADES were prepared and characterized by POM and DSC. The 

characterization demonstrated that these NADES, at room temperature, are viscous liquids and 

present low conductivity. However, this study also demonstrated that with the increase of 

temperature, viscosity decreases while the conductivity increases. As both properties are 

dependent on the temperature it was possible to model the systems after the logarithmic form of 

the Arrhenius equation. The molar heat capacity and vapor pressure were calculated for the 

NADES studied. It was possible to confirm that the molar heat capacities increased with increasing 

molar mass of NADES. It was also possible to correlate the viscosity with vapor pressure, and 

according to our experiments the more viscous systems present lower vapor pressures. All 

measured physical and thermodynamic properties demonstrated to be influenced by temperature 

and by the hydrogen bonds characteristic of these type of systems. The determination of these 

properties of NADES is surely useful towards their potential industrial applications, namely to 

understand the reduction of cellulose crystallinity, as presented here. It was shown that all NADES 

were able to reduce the crystallinity of cellulose achieving a maximum reduction of 20% in 

crystallinity for the case of cellulose suspended in Ma:Bet:H2O (1:2:3) at 313.15 K. From this 

work it was possible to prove that cellulose crystallinity can be modified, opening new 

opportunities for the application of these solvents. By using NADES as a pre-treatment or even as 

potential one-pot reaction, it will be possible to reduce time and process costs on degrading 

cellulose through enzymes. 
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DES deep eutectic solvents  

NADES natural deep eutectic solvents 

La lactic acid 

Ma malic acid  

Bet betaine 

Pro proline 

Hist histidine 

DSC Differential scanning calorimetry 

TGA Thermogravimetric analysis 

IL Ionic liquids 

 electrical conductivity (µS/cm) 

 viscosity (Pa.s) 

E flow activation energy (kJ/mol) 

E activation energy for electrical conduction (kJ/mol) 

AAD  average absolute deviation 

CR crystallinity reduction (%) 

CI crystallinity index (%) 

Cp molar heat capacity (J mol−1 K−1) 

𝐶𝑝,𝑖
exp

 experimental molar heat capacity (J mol−1 K−1) 

𝐶𝑝,𝑖
pred

 model predicted molar heat capacity (J mol−1 K−1) 

R gas constant  

T temperature (K) 

Tav average temperature (K) 
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T0 arbitrarily chosen reference temperature (K) 

ai model parameters  

N number of experimental measurements  

A’ constant 

P vapor pressure (Pa)  

M molar mass (g mol-1) 

 vaporization coefficient 

K constant 
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