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Abstract. The density, speed of sound and refractive index of diluted binary 
mixtures of exfoliated graphite nanoplatelets dispersed in water, and N,N-
dimethylformamide, respectively, at different concentrations of solvate and at different 
temperatures  have been measured. From the experimental data obtained, acoustic 
parameters such as the acoustic impedance, isentropic compressibility, specific 
refraction, space-filling factor, and relaxation strength were calculated for all 
compositions and temperatures. The results have been used to identify molecular 
interactions in the mixtures, including structural changes of exfoliated graphite 
nanoplatelets in polar solvents. 

Key words: thermodynamic study; exfoliated graphite nanoplatelets (xGnP); 
aqueous binary mixtures; optical properties; acoustical properties. 

 
 

1. Introduction 
 

The thermodynamic study of binary systems containing exfoliated graphite 
nanoplatelets (xGnP) dispersed in water (H2O), and N,N-dimethylformamide 
(DMF) respectively is important for understanding the physical-chemical behavior 
of liquid mixtures containing carbon-based nanomaterials. The acoustic and optical 
properties present considerable interest in extending the temperature range of 
thermodynamic data for systems containing exfoliated graphite nanoplatelets 
systems dispersed in dimethylformamide and water, respectively [1–4]. 

There is a variety of intermolecular interactions among graphene sheets in 
particular colloidal ones in solution [5–7]. The interactions between two colloid 
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particles in liquids are assumed to be the sum of two contributions: London–Van 
der Waals forces and Electrical Double Layer (EDL) forces. In addition, solvation 
forces, hydrophilic forces and sterical forces are also present in many colloidal 
systems and affect their colloidal behavior. The simulations revealed that the 
adsorption of the polar, organic solvent molecules such as NMP, particularly the 
single layer of solvent molecules confined on the graphene sheets form an energy 
barrier and prevent the approaching of the graphene sheets from a complete 
recombination. As the magnitude of the energy barrier is directly dependent on the 
affinity of the solvent to graphene, the scale of solvation forces is strongly affected 
by the chemistry of the solvents. The simulations suggest the following order for 
the ability to stabilize pristine graphene in suspensions: NMP>DMSO>DMF [8, 9]. 

Adsorption of water on carbon surfaces has been studied since 1968 by Kiselev 
et al. [10] Several simulations proved that water can be strongly adsorbed at low 
relative pressures by carbon adsorbents due to the potential overlap in small pores 
[11, 12]. 

Water is found to behave very differently while interacting with hydrophobic 
pristine graphene [13]. There are very few experimental studies of water 
interactions with the carbon-based nanomaterials flat surfaces, such as graphene or 
exfoliated graphite nanoplatelets [14, 15] even if these nanomaterials can be used 
as sorbents in environmental applications [16, 17]. 

When water is in contact with graphene, the hydrophobic graphene surface 
would disrupt the dynamic hydrogen bonds of water, resulting in significant 
translational and rotational entropy loss of water molecules [18]. In aqueous 
medium, attractive forces arise between hydrated graphene sheets [19]. Such forces 
are often referred as hydrophobic forces and explain why water is not a good 
solvent to disperse pristine graphene. Nevertheless, the electrostatic repulsion is 
among the most exploited, because it can be readily tuned by chemical 
modifications of the graphene surface [20]. In this way, the properties of graphene-
based dispersions can be easily controlled by adjusting a variety of factors such as: 
pH, ionic strength and surface chemistry [21, 22]. 

As part of a our project on the thermodynamic properties of liquid mixtures, 
[23-25] a comparison between the new measurements of density, speed of sound 
and refractive indices of the binary system xGnP+H2O with xGnP + DMF [26] at 
various concentrations of xGnP and different volumes of the solvents at T = 
(293.15, 298.15, and 303.15) K are presented.  

From the measured data, the optical and acoustical properties such as acoustic 
impedance, isentropic compressibility, specific refraction, space-filling factor and 
relaxation strength calculated through different equations. 

This study reports new experimental data for density, speed of sound and 
refractive indices of the binary system xGnP + H2O at various concentrations of 
xGnP and different volumes of the solvents at T = (293.15, 298.15, and 303.15) K; 
studies the influence of the solvents on the physical-chemical behavior of xGnP; 
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calculates acoustic and optical parameters such as acoustic impedance, adiabatic 
compressibility, specific refraction, space-filling factor and relaxation strength 
calculated through different equations from experimental density, speed of sound 
and refractive index results. 

 
2. Experimental Section  
 

2.1. Materials and Methods 
 

xGnP containing a mass fraction more than 0.95 carbon was provided from XG 
Sciences, Lansing, MI, USA and was characterised in our laboratory. KBr, and 
N,N-dimethylformamide (DMF) have been supplied by Merck. 

Exfoliated graphite nanoplatelets were used without any pretreatment because 
of their mass fraction purity higher than 0.99. The details of the chemicals used for 
samples preparation are given in the Table 1. 
 

Table 1. Comparison of Experimental Densities (ρ), Speed of Sound (c),  
Refractive Indices (nD) of Water with Literature Values at  

Temperatures of (293.15, 298.15 and 303.15) K 
 

ρ/kg·m-3 c/m·s-1 nD 

T/K Expt. 
Lit. 

Expt. Lit. 
Expt. Lit. 

water 
998.220 [27]

1483.1 [27]
1.33300 

[27] 293.15 998.22 998.206 [28] 1484.26 1482.36 
[29]

1.33300 1.33297 
[30] 

997.043 [31] 1497.40 [32]
1.33240 

[33] 298.15 997.04 997.040 [34] 1498.35
1496.20 [35]

1.33249 1.33250 
[36] 

995.650 [28] 1509.00 [36] 1.33180 [37] 303.15 995.63 995.600 [37] 1510.61 1509.14 
[38]

1.33187 1.32500 
[39] 

 
Working solutions of different compositions xGnP + H2O were prepared at 

298.15 K using deionized and doubly distilled water. The aqueous mixtures were 
prepared by mixing known compositions of stock and water solutions in narrow-
mouth, ground glasses. The binary solutions were kept in special airtight glass 
bottles to avoid evaporation. A volume of 100 cm3 stock solution of exfoliated 
graphite nanoplatelets (solute) of 0.001 g·cm-3 at 293.15 K was prepared by directly 
weighing the materials using an A&D GH-252 (Japan) analytical balance with an 
accuracy of ± 0.0001 g. The dispersion of solute + water was improved by addition 
of pure ethanol 0.1 cm3 to 15 cm3 stock solution. The initial composition of the 
solutions was prepared with a precision of ± 0.0002 g·cm-3. For each solute, six 
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samples with different specific compositions domain from (0 to 100) kg·m-3 in 
increments of 20 kg·m-3. For uniformity, all of the aqueous mixtures were dispersed 
using an ultrasonic bath. The uncertainty in the composition at samples preparation 
was estimated to be less than ± 0.0001 g·cm-3. Each sample was sonicated for 30 
minutes at 303.15 K and measured immediately.  

The density and speed of sound of stock binary mixtures were measured with an 
Anton Paar DSA 5000 digital (Austria) analyser with a precision of ±  
0.000001 g·cm-3. During the measurements of the density the temperature was 
controlled at a precision of ± 0.001 K, and several Peltier units have been used. The 
internal calibration of the instrument was confirmed by measuring the density and 
speed of sound in atmospheric air and doubly distilled deionised water, according 
to the recommendations of the manufacturer. Similar to the results described in the 
literature, the density of water was measured as 0.99704 g·cm3 at 298.15 K [31, 
34]. The values of ρ and c were reproducible within ± 0.000005 g·cm-3 and ±  
0.05 m·s-1, respectively. The refractive indices were measured using an Anton Paar 
GmbH Abbe automatic refractometer with an accuracy of ± 0.000001, and the 
temperature of the samples was controlled within ± 0.01 K. The refractometer was 
calibrated by measuring the refractive index of doubly distilled and deionized 
water. The refractive index of water was measured as 1.33249 at 298.15 K, which 
is similar to the value mentioned in the literature of 1.33250 [33, 34]. The samples 
were introduced into the cell (prism assembly) using a syringe. At least three 
independent measurements were done for each sample at each temperature to 
assure the effectiveness of the measurement. All the measurements were repeated 
at least three times and were repeatable within the level of precision quoted for the 
apparatus. Uncertainties associated with the experimentally data such as density, 
ultrasonic speed and refractive index were estimated based on the uncertainty of 
the measurement [40] and presented together with the experimental results in the 
tables.  
 

2.2. Theory and Calculation 
 

The following thermodynamic acoustical and optical parameters have been 
estimated using the standard relations employed in previous studies [41–46]. The 
acoustic impedance (Z) has been calculated using the following relation [41]: 

 

cZ ρ=       (1) 
 

where ρ is the density (kg·m-3), and c is the speed of sound (m·s-1) in the mixture. 
The isentropic compressibility coefficient kS for the pure solvent and liquid 

mixtures have been estimated from the density ρ and the speed of sound c using the 
Laplace equation [42].  
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where, K is the bulk modulus of the solution. 
According to the method of Gerecze [43] and Lorentz-Lorenz [44], the space-

filling factor (S) has been computed from refractive index (sodium D line) data 
using the following relation [45]: 
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where, B is the effective volume occupied by molecules per mole, V is the 
molecular volume and nD is the refractive index of the aqueous solution.  

The specific refraction (rD) has been estimated from the density ( ρ ) and space-
filling factor (S) using the Lorentz and Lorenz equation, which is based on the 
electromagnetic theory of light, where as the other equations are of empirical origin 
[46]: 
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The relaxation strength (r) has been calculated using the following equation 
[45]: 

  2
ctc

2cr −=1               (5) 

 

where, c is the speed of sound in the experimental solution, and cct is a constant 
with a value of 1600 m·s-1 [46]. 

The specific concentration dependence on density and on ultrasound speed 
obtained in the two systems was correlated by a polynomial type equation:  

 

( ) 1
1

−∑
=

= iC
n

i
iAYF     (6) 

 

where, Y represents the properties measured in general (ρ, c) and C represents the 
specific concentration. 

Correlations of ρ, c, kS and r as a function of concentration (Eq. 7) along with 
the absolute average percentage deviation (AAD) were analyzed. The absolute 
average percentage deviation (AAD %) was determined using the following 
relationship: 
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where N is the number of experimental data points. The subscripts “Expt.” and 
“Calc.” represent the values of the experimental and calculated property, 
respectively. 
 

3. Results and Discussion 
 

In order to characterize the interactions between solvent molecules and 
graphene we experimentally determined the thermodynamic parameters: density, 
ultrasound speed and refractive indices for xGnP dissolved in two solvents: DMF 
and H2O, observing that DMF was a more effective solvent in comparison with H2O. 

The carbon based nanoparticles (xGnP) dispersed in DMF solvent were 
characterized previously [26] and discussed there. The experimental data of 
densities, ultrasound speed and refractive indices as a function of the specific 
concentration of xGnP in DMF and in water are presented in Table 2. 
 

Table 2. Experimental Values of the Density ρ, Ultrasound Speed c and Refractive Index nD at 
Various Temperatures T and Specific Concentrations C of xGnP,for the  

Binary xGnP + H2Oa Mixture 
 

T/K ρ/kg·m-3 c/m·s-1 nD ρ/kg·m-3 c/m·s-1 nD 

 C/kg·m-3 = 0 C/kg·m-3 = 20 

293.15 998.22 1484.26 1.33300 997.50 1486.97 1.33327 
298.15 997.04 1498.35 1.33249 996.35 1500.73 1.3328 
303.15 995.63 1510.61 1.33187 994.95 1512.76 1.33223 

 C/kg·m-3 = 40 C/kg·m-3 = 60 

293.15 996.81 1489.82 1.33343 996.18 1492.69 1.333597 
298.15 995.66 1503.31 1.33294 995.04 1505.86 1.33305 
303.15 994.27 1515.07 1.33238 993.64 1517.35 1.33244 

 C/kg·m-3 = 80 C/kg·m-3 = 100 

293.15 995.44 1494.97 1.33366 995.05 1497.56 1.33399 
298.15 994.31 1507.87 1.33317 993.90 1510.25 1.33350 
303.15 992.88 1519.43 1.33260 992.50 1521.3 1.33292 

 
aC/kg·m-3 is the specific concentration of xGnP in the H2O solvent. Standard uncertainties u  
are u(T) = 0.001 K for ρ and c; u(T) = 0.01 K for nD and the combined expanded uncertainties  
Uc are Uc(ρ) = 0.01 kg·m-3, Uc(c) = 0.05 m·s-1; (level of confidence = 0.95, k = 2) and  
Uc(nD) = 0.00001.  

 
Based on the values of the measured properties, the derived thermophysical 

parameters as a function of the specific concentration fraction at three different 



Comparative Thermodynamic Study on Exfoliated Graphite Nanoplatelets  

 

143 

temperatures between (293.15 and 303.15) K were calculated and presented in 
Table 3. 
 
Table 3. Calculated Values of the Acoustic Impedance Z, Adiabatic Compressibility kS, Space Filling 

Factor S, Specific Refraction rD, and Relaxation Strength r at Various Temperatures T, Specific 
Concentration C of (xGnP), for the System xGnP+ H2O 

 

T/K 

12510 −⋅−⋅⋅ smkg

Z
 1210-10 −⋅⋅ Nm

Sk
 

S 
133-10 −⋅⋅ kgm

Dr

 

r 

C/kg·m-3 = 0 

293.15 14.81617 4.54731 0.20569 0.20606 0.13944 
298.15 14.93907 4.46748 0.20541 0.20602 0.12303 
303.15 15.04015 4.40145 0.20506 0.20596 0.10862 

C/kg·m-3 = 20 

293.15 14.83247 4.53403 0.20584 0.20636 0.13630 
298.15 14.95246 4.45641 0.20558 0.20633 0.12024 
303.15 15.05124 4.39195 0.20527 0.20631 0.10608 

C/kg·m-3 = 40 
293.15 14.85069 4.51980 0.20594 0.20666 0.13298 
298.15 14.96790 4.44417 0.20566 0.20656 0.11721 
303.15 15.06389 4.38158 0.20535 0.20653 0.10334 

C/kg·m-3 = 60 
293.15 14.86989 4.50529 0.20603 0.20682 0.12964 
298.15 14.98385 4.43192 0.20572 0.20675 0.11421 
303.15 15.07703 4.37118 0.20538 0.20670 0.10064 

C/kg·m-3 = 80 
293.15 14.88146 4.49492 0.20607 0.20701 0.12697 
298.15 14.99290 4.42334 0.20579 0.20697 0.11184 
303.15 15.08616 4.36255 0.20547 0.20695 0.09817 

C/kg·m-3 = 100 

293.15 14.90147 4.48112 0.20625 0.20727 0.12395 
298.15 15.01039 4.41122 0.20597 0.20724 0.10904 
303.15 15.09896 4.35349 0.20565 0.20721 0.09596 

 
The density, ultrasound speed and refractive index values as a function of 

specific concentration of exfoliated graphite nanoplatelets (xGnP) are shown in 
Figs. 1, 2 and 3, respectively, by comparison between both binary xGnP + DMF 
[26] and xGnP + H2O systems, along of polynomial correlated values (⍴, c). 

Fitting parameters Ai and absolute average percentage deviation results are 
reported in Table 4 for binary AC in DMF mixtures at all temperatures studied. 
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Table 4. Fitting Parameters Ai, Correlation Coefficient (R2) Obtained for Density ⍴, Ultrasonic Speed 
c, Isentropic Compressibility kS and Relaxation Strength r Along with the Absolute Average 

Percentage Deviation (AAD %) for Binary xGnP + H2O Mixture.a 
 

T/K C/kg·m-3 A1/kg·m-3 A2/kg0·m0 A3/kg-1·m3 A4  R2 AAD % 

⍴/kg·m-3 

293.15 0-100 998.24 
- 0.038815 0.000065 - 0.99771 

0.004 

298.15 0-100 997.06 - 0.037489 0.000055 - 0.99809 0.004 

303.15 0-100 
995.66 - 0.037510 0.000054 - 0.99711 

0.005 

T/K 
C/kg·m-3 A1/kg0·m-1·s A2/kg·m-4·s A3/kg2·m-7·s A4  R2 AAD % 

c/m·s-1 

293.15 0-100 
1484.20 0.1462429 -0.0001286 - 0.99953 

0.005 

298.15 0-100 
1498.30 0.1294214 -0.0001018 - 0.99939 

0.004 

303.15 0-100 
1510.53 0.1185571 -0.0001036 - 0.99960 

0.004 

T/K C/kg·m-3 
A1 A2 A3 A4 ·10-9 R2 AAD % 

nD 

293.15 0-100 
1.332991 0.000019086 - 0.000000266 2 0.99306 0.006 

298.15 0-100 
1.332485 0.000018383 - 0.000000254 2 0.99838 

0.007 

303.15 0-100 
1.331875 0.000025157 - 0.000000425 3 0.99952 

0.005 

T/K 
C/kg·m-3 A1/10-10·kg0·m2·N-1 A2/10-10·kg-1·m5·N-1 A3/10-10·kg-2·m8·N-1 A4 R2 AAD % 

kS/10-10·m2·N-1 

293.15 0-100 4.5475657 - 0.0007185 
0.0000006 - 0.99889 

0.014 

298.15 0-100 
4.4677032 - 0.0006030 0.0000004 - 0.99854 

0.013 

303.15 0-100 
4.4017500 - 0.0005243 0.0000004 - 0.99954 

0.007 

T/K 
C/kg·m-3 A1/kg0·m0 A2/kg-1·m3 A3/kg-2·m-6 A4  R2 AAD % 

r 

293.15 0-100 0.1395071 - 0.0001697 0.0000001 
- 0.99954 

0.152 

298.15 0-100 
0.1230932 

- 0.0001518 0.0000001 
- 0.99940 

0.109 

303.15 0-100 
0.1087068 - 0.0001404 0.0000001 

- 0.99959 
0.111 

aAi and R2 were obtained from Eq. 7; AAD %: ∑
−

=
n

i ExptY
CalcYExptY

N
YAAD

.

..100
)( , where N = 6 number  

of experimental data at each temperature. 
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Figure 1 presents the density as a function of the solute concentration of the 
binary mixtures xGnP + DMF [26] and xGnP  +  H2O at various temperatures.  

 

 
 

Fig. 1. Comparative representation of the density of binary xGnP + H2O and xGnP + DMF [26] 
systems versus concentration of solute at various temperatures,  

T/K: ◆, 293.15; ·, 298.15; ▲, 303.15; − −, for H2O; —,  
for DMF; polynomial correlated values. 

 
Good dispersion of graphene is influenced by the solubility parameters and 

surface tensions of the solvents, being found that an efficient solvent has a surface 
tension equivalent to that of graphene [47]. Good solvents for graphene provide 
stable colloidal dispersions for nanosized graphene.  

Solvent molecules alone cannot exfoliate graphene, ultrasonic treatment being 
necessary. When the graphene sheets achieve certain separation by the ultrasonic 
treatment, the solvent molecules can insert between the graphite layers providing a 
colloidal stability.  

The density of the binary system xGnP + DMF decreases by increasing the 
temperature and increases by increasing the concentration of the solute. Slight 
differences were observed between the two systems, indicating that DMF changes 
the structure of xGnP more strongly than water. These differences may be due to 
the number and position of oxygen-containing groups at the edges of xGnP, which 
improves the dispersion of the nanomaterial in DMF. These results support the 
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conclusion that a π-π interaction [48] occurs between carbon-based nanomaterials 
and DMF, which increases the density by increasing the mole fraction of the 
mixture. 

The density profiles for the organic solvents suggest stronger interaction 
between the graphene surface and the DMF molecules, no clear isolated solvent 
layer being observed near the graphene surface in H2O. There exists an enrichment 
of solvent layer near the graphene surface in both solvents, but the average 
interactions energies between the surrounding solvent molecules and the graphene 
is different. The dependence of the velocity of ultrasound on the concentration of 
xGnP + DMF/H2O is presented in Fig. 2. 
 

1440

1450

1460

1470

1480

1490

1500

1510

1520

0 20 40 60 80 100
C/kg•m -3 

c/
m

•s
-1

 
 

Fig. 2. Comparative representation of the ultrasound speed of binary xGnP + H2O and xGnP + DMF 
[26] systems versus concentration of solute at various temperatures, T/K: ◆, 293.15; ∙, 298.15; ▲, 

303.15; − −, for H2O; —, for DMF; polynomial correlated values. 
 

As shown in Fig. 2, the ultrasound speed slightly increased with an increase in 
the concentration of the solute, indicating the presence of solute-solvent 
interactions via hydrogen bonding, which can produce displacements of electrons 
and nuclei in this range of concentrations. It slightly decreases with the 
temperature, much more for the xGnP + DMF system. As the temperature 
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increased, the thermal energy leads to the breaking of the bonds and it weakens the 
molecular forces which decreases the ultrasound speed.  

After the equilibrium, it can be presumed that DMF molecules can spread over 
the graphene surfaces, forming a complete solvent layer, this demonstrating that 
the graphene surface is solvophilic for the organic solvents [49]. The interaction 
between the organic molecules and graphene is larger than the inherent 
intermolecular interactions between the solvent molecules. Meanwhile, the water 
solvent just shows a hydrophobic dispersion interaction with the graphene surface. 
It is interesting to note that the attraction forces are approximately the same in 
different solvent media, which is determined by the attractive interaction between 
graphene sheets, being clear that the initial exfoliation is less dependent upon the 
solvent medium and the ultrasound speed will not have a significant variation in 
different solvents. The dependence of the refractive indices on the concentration of 
the solute (active carbon and exfoliated graphite nanoplatelets) in DMF is 
presented in Fig. 3. 
 

 
 

Fig. 3. Comparative representation of the refractive index of binary xGnP + H2O and  
xGnP + DMF systems versus concentration of solute at various temperatures,  

T/K: ◆, 293.15; ∙, 298.15; ▲, 303.15; − −, for H2O; —, for DMF [26];  
polynomial correlated values. 
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Regardless of the temperature, at a concentration of 0.08 g mL-1, the value of 
the refractive index and the space-filling factor increased, suggesting that 
dispersion improves for a specific concentration of xGnP in DMF. In comparison, 
variations in the refractive indices were not detected in water at the same 
concentration.  

The repulsive forces which appear originate from the solvent-induced 
interactions. These forces are favourable to promote exfoliation and prevent 
aggregation. At very large separation, the force approaches to zero, indicating a 
complete detachment, this suggesting that in the exfoliation process the interfacial 
resistance at the beginning of graphene exfoliation is from the attractive interaction 
between graphene layers and then the solvent-induced force dominantly influence 
the subsequent exfoliation process. The repulsive force in organic solvent is higher 
than in the water solvent, this consisting with the enhanced interaction strength 
between the organic solvent and the graphene surface. The repulsive forces play a 
role in the attractive interaction between graphene sheets. In the water solvents, the 
solvent-induced forces present a weak interaction, blocking the parallel exfoliation.  

The total resisting force is originating from the attractive interaction between 
the graphene sheets. In organic solvents, the solvent-induced force can give rise to 
the repulsive force to aid the exfoliation process, because of the stable confined 
solvent layer accommodated in the gap between the shifted graphene sheet and the 
fixed graphite. 

In the water solvent, the confined solvent layer is not well accommodated 
because of the weak surface affinity. The water-induced force from the outer 
solvent molecules is the main controlling factor of the resisting action of the sheet 
moving [47]. 

The dependence of the isentropic compressibility on the concentration of the 
solute is presented in Fig. 4.  

As shown in Fig. 4, the isentropic compressibility of the two binary systems 
increases with an increase in temperature. In the xGnP + DMF system, the isentropic 
compressibility decreases by increasing the concentration up to 0.06 g·mL-1, then 
increased for C = 0.1 g·mL-1. The observed increase and decrease in the isentropic 
compressibility as a function of the concentration in the xGnP + DMF binary mixture 
were indicative of interactions between component molecules. 

Isentropic compressibility is varies in a reversed dependence to the square of the 
ultrasound of speed, and its deviation can be attributed to the loss of di-polar 
association between the solvent molecules and differences in the size and shape of 
xGnP molecules, which reduces the velocity and increases the compressibility. 

Dipole-dipole interactions or hydrogen-bonded complex formation between 
unlike molecules increased the velocity of ultrasound and decreased the 
compressibility. In the xGnP + H2O system, the first mode of adsorption is 
characterized by water interactions within the graphene layers that are stacked to 
form graphitic microstructures of carbogenic materials [50]. 
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Fig. 4. Comparative representation of the isentropic compressibility of binary xGnP + H2O and  
xGnP + DMF systems versus concentration of solute at various temperatures, T/K: ◆, 293.15; 

298.15; ▲, 303.15; − −, for H2O; —, for DMF [26]; polynomial correlated values. 
 

The graphene layers offer a small attraction for water molecules, the micropores 
will adsorb water, the adsorption being followed by cooperative interactions of the 
adsorbed water with the other water molecules until filling of the graphitic 
microstructures occurs. The second mode of adsorption occurs via interaction of 
water with oxygenated functional groups that are present outside the graphitic 
microstructures. This interaction is characterized by a high degree of attraction, 
affected by pore size and site density. The dependence of the relaxation strength on 
the temperature of both systems shows differences, as evidenced in Fig. 5. 

In the xGnP + DMF binary mixture, the relaxation strength decreased up to a 
solute concentration of 0.06 g·mL-1 and increased after by increasing the solute 
concentration, suggesting the predominance of molecular interactions [51]. 

In the xGnP + H2O binary mixture, the relaxation strength increased with an 
increase in the temperature and decreased with an increase in the concentration over 
the concentration range. As the concentration of water gradually increased, various 
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interactions such as H-bonding, dipole-dipole and dipole induced dipole interactions 
occurred between molecules. 

The possible presence of carboxylic, carbonyl and hydroxyl groups appears to 
prevent the water molecules from filling the graphene layers, whereas the removal 
of these groups allows water to adsorb between the layers. 

The presence of oxygenated functional groups reduces the micropore volume 
accessible to water molecules and does not affect the micropore volume accessible 
to DMF molecules.  
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Fig. 5. Comparative representation of the relaxation strength of binary xGnP + H2O and  
xGnP + DMF [19] systems versus concentration of solute at various temperatures,  

T/K: ◆, 293.15; ·, 298.15; ▲, 303.15; − −, for H2O; —, for DMF; 
polynomial correlated values. 

 
4. Conclusions 
 

In summary we developed a novel approach of characterization for the 
graphene-based nanomaterials in organic and in aqueous solvents, base on the 
experimental determination of some thermodynamic parameters. 

Considering the importance of surface chemistry in the adsorption of water, 
further characterization of the nature of water bonding with the functional groups is 
necessary. Additional thermodynamic information can be obtained by examining 
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the multi-temperature equilibrium data. This work renders it possible to achieve 
important opportunities of to use the carbon-nanostructure of graphene in 
composite nanomaterials for low-cost and environmental–friendly decontamination 
adsorbents for organic and inorganic contaminants. 
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