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a b s t r a c t 

In this present work, the synthesis of nitrogen doped multi walled carbon nanotubes (N-MWCNTs) 

grafted Sodium-carboxy methyl cellulose (Na-CMC) hybrid composite was carried out via thermal reduc- 

tion process. The hybrid composites were thermodynamically characterized by inverse gas chromatogra- 

phy (IGC) and compared to Na-CMC particles. The results were obtained by using 14 different IGC meth- 

ods and models. We proved that the free energy of adsorption of the different solvents on N-MWCNTs- 

Na-CMC surface was equal to the summation of both free enthalpies of the solvents separately adsorbed 

on N-MWCNT and on Na-CMC surfaces. The London dispersive surface free energy of different materi- 

als was calculated by using the various molecular models. The more precise results were obtained by 

Hamieh model based on the effect of the temperature on the surface area of organic molecules. It was 

proved that the dispersive component of the surface energy of N-MWCNTs-Na-CMC was equal to the ge- 

ometric mean than that of N-MWCNTs and Na-CMC surfaces. Lewis Acid base properties of the various 

materials were determined by using the different models and methods. A stronger basic character was 

highlighted for the different solid surfaces with more accentuated acid base character for N-MWCNT solid. 

Furthermore, the potential usage of the hybrid nanocomposite was studied for the practical application of 

the self-powered UV photodetection. On the other hand, the N-MWCNTs-Na-CMC hybrid heterostructure 

N-MWCNTs-Na-CMC exhibited excellent photoresponse characteristics with a good stability and repro- 

ducibility under the UV illumination ( λ= 382 nm) at zero bias. The high photoresponse performances 

were mainly attributed to the improved conductivity and enhanced charge transfer resulting from the 

synergetic effect of N-MWCNTs-Na-CMC hybrid heterostructure. The detailed photoresponse properties of 

the N-MWCNTs-Na-CMC hybrid heterostructure was discussed in detail using energy band theory. 

© 2022 Published by Elsevier B.V. 
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. Introduction 

The biodegradable packaging materials have recently got more 

ttention due to environmental issues, because of their non- 

egradable and nonrenewable nature. In particular, the sodium car- 

oxy methyl cellulose is one of the most important biodegradable 
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olymers and exhibiting excellent properties [1–3] . The hydroxyl 

roups of cellulose can be reacted to give esters and ethers of dif- 

erent physical and chemical properties utilized for various poten- 

ial applications [ 4 , 5 ]. Cellulose derivatives have significant roles 

sed in the industry such as fibers, textiles, coatings, thermoplas- 

ics, food additives, and pharmaceutical materials [6–8] . In addi- 

ion, the carbon nanotubes (CNTs) have recently emerged as won- 

er materials of the new century and are being considered for 

 whole host of applications ranging from large scale structures 

n automobiles to nanometer scale electronics [ 9 , 10 ]. The different 

arbon materials such as carbon nanotubes (CNTs), graphene ox- 

de, porous metal organic framework containing the excellent ther- 

https://doi.org/10.1016/j.chroma.2022.462997
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2022.462997&domain=pdf
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al conductivity, electrical conductivity, good mechanical strength 

or various potential applications [11–13] , Particularly, the nitro- 

en doped multiwalled carbon nanotubes (N-MWCNT) having the 

arger surface area, excellent electrical conductivity, remarkable 

exibility, and compatibility with increasing the structural and 

orphological properties [ 14 , 15 ]. Therefore, the N-MWCNT materi- 

ls have been widely used for catalyst, supercapacitor, sensor, pho- 

odetectors [16] , batteries, and electrocatalyst with excellent stabil- 

ty. The solid-state materials based on the MWCNTs fibrous elec- 

rode widely used for supercapacitor and catalytic applications in 

etail [17–21] . 

The inverse gas chromatography (IGC) is an efficient technique 

or describing these materials to explore their physicochemical 

roperties [22–24] . The IGC technique is considered as a possible 

ethodology due to its ability to ascertain their surface proper- 

ies of crystalline solids and amorphous morphology in the form of 

bers, powder, and films [ 25 , 26 ]. Based on the properties, the ana-

ytical gas chromatography techniques, IGC bears a unique specta- 

le of placing the material. Therefore, the column packing in pres- 

nce of vapor used to accelerate the information on the surface of 

he substances [27] . The variety of properties such as entropy, en- 

halpy of adsorption, dispersive surface energy and solubility pa- 

ameters were characterized by using IGC technique [ 27 , 28 ]. The 

nformation acquired from the IGC investigation supports to ex- 

loit the true potential of the materials and industrial applications 

n the various fields of research. In this present study, the determi- 

ation of the net retention time of the organic solvents adsorbed 

n the solid surfaces by IGC technique allowed to obtain the free 

nergy of adsorption on the chosen carbon nanotube materials, the 

ispersive parameters and specific factors of surface free energy by 

sing the various molecular models [29–31] . The surface proper- 

ies and the Lewis acid-base parameters were also calculated by 

sing the various molecular surface areas, Hamieh model and the 

GC methods based on the topological index, the deformation po- 

arizability, the vapor pressure, the boiling point, the standard en- 

halpy of vaporization �H 

0 
v ap , the enthalpy of vaporization as a 

unction of the temperature �H 

0 
v ap (T ) and the enthalpy of forma- 

ion �H 

0 
f 

of the injected solvents [32] to explore the nature of the 

urface of the nitrogen doped multiwalled carbon nanotubes (N- 

WCNT) with carboxyl methyl cellulose (CMC) materials. More- 

ver, in recent days the demand for the ultraviolet (UV) photode- 

ectors has gained a tremendous research attention owing to their 

mportance in environmental monitoring, military, medicine and 

ealth care and civilian filed [ 16 , 33 ]. The exposure of UV radia-

ion causes severe health hazardous to the organic life, that can 

amage the cell tissues, skin cancer, and eye problem etc. [34] . In 

articularly the self- powered UV photodetectors (PDs) has greatly 

een acknowledged in the research community, since it can oper- 

te without any external power supply [ 34 , 35 ]. Thus, these require-

ents can be achieved by making a hybrid heterostructured with 

 suitable bandgap and high electrical conductivity [36] . On the 

ther side, the potential applicability of the CNTs and its deriva- 

ive heterostructure have been widely explored in the UV photode- 

ectors due their enhanced morphological, structural, physiochem- 

cal, optoelectrical properties and high surface to the volume ratio 

36] . Accordingly, the hybrid heterojunction based on N-MWCNTs- 

a-CMC would endows an efficient charge generation, separation 

nd transportation, and minimizes the charge recombination prob- 

bility that help to improve the device UV photodetection perfor- 

ances [ 34 , 36 ]. 

. Thermodynamic methods and models 

The net retention volume Vn of the different organic molecules 

dsorbed on the various N-MWCNTs surfaces was calculated from 
2 
he IGC measurements by using the following relation [22–24] : 

 n = j D c ( t R − t 0 ) (1) 

Where t R is the retention time of the injected solvent, t 0 the 

ero-retention reference time, D c the corrected flow rate and j the 

orrection factor [37] . 

The standard free energy �G 

0 
a of adsorption of the probe ( Eq. 

3 )): 

G 

0 
a = − RT ln V n + RT ln 

(
P 0 

sm π0 

)
(2) 

here R is the ideal gas constant, T the absolute temperature, 

 the mass of the solid, s its specific surface area, and P 0 and 

0 respectively the reference pressure and surface pressure de- 

ending on the reference state of adsorption [37] . We used here 

he Kemball and Rideal reference state [37] given at T 0 = 0 ◦C by 

 0 = 1 . 013 × 10 5 Pa and π0 = 6 . 08 × 10 −5 N m 

−1 . 

The obtained free energy of adsorption �G 

0 
a can be divided to 

he dispersive �G 

d 
a and specific �G 

sp 
a contributions: 

G 

0 
a = �G 

d 
a + �G 

sp 
a (3) 

The specific contributions of the free energy of adsorption of 

he probes was determined by using the different thermodynamic 

arameters, such as the vapor pressure P 0 [ 38 , 39 ], the boiling 

oint BP [40] , the deformation polarizability α0 [41] , the topolog- 

cal index χT [42] , the standard enthalpy of vaporization �H 

0 
v ap 

32] , the enthalpy of vaporization as a function of the temperature 

H 

0 
v ap (T ) (new method), the standard enthalpy of formation �H 

0 
f 

new method) of the injected solvents, Hamieh model [28] and six 

ther methods based on the molecular models of the surface areas 

f organic molecules (for more details, see in Supporting Informa- 

ion). 

These thermodynamic methods and models were used to deter- 

ine the dispersive (London) and polar (specific) components of 

he free energy of adsorption. The specific free energy of adsorp- 

ion �G 

sp 
a of used organic solvents was determined as a function 

f the temperature. 

The following thermodynamic equation: 

G 

sp 
a = �H 

sp 
a − T �S sp 

a (4) 

llowed to calculate the specific enthalpy �H 

sp 
a and entropy �S 

sp 
a 

f polar solvents adsorbed on the solid surfaces. 

The determination of the specific enthalpy of adsorption = 

H 

sp 
a allowed to calculate the acid K A and base K D constants of 

he different N-MWCNTs surfaces by using the following equation 

 38 , 39 , 43 , 44 ]: 

−�H 

sp 
a 

)
= K A DN 

′ + K D AN 

′ (5) 

here DN 

′ and AN 

′ are the normalized donor and acceptor num- 

ers of electrons of the various probes [28–31] . 

On the other hand, the molecular models are based on the val- 

es of the surface area of the different n-alkanes and polar sol- 

ents, and Fowkes relation [45] : 

�G 

0 
a = 2 N a 

(
γ d 

l γ
d 

s 

)1 / 2 + 

(
−�G 

sp 
a 

)
(6) 

Where N is Avogadro’s number, a is the surface area of one ad- 

orbed molecule on the solid, and γ d 
l 

and γ d 
s are the dispersive 

omponents of the surface tension of the probe and of the solid 

espectively [45] . 

Relation 5 allowed to obtain γ d 
s of the solid and the specific 

ontribution of adsorbed polar solvents. The surface area of or- 

anic molecules was obtained from the different following molec- 

lar models: Kiselev, Van der Waals, Redlich-Kwong, cylindric, ge- 

metric, spheric and Hamieh model based on the variation of a as 

 function of the temperature [27–29] . 

The calculation of γ d 
s of the different solids was also obtained 

y using Dorris and Gray relation [46] and Hamieh model com- 

ined to Dorris-Gray relation [47–49] . 
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Fig. 1. Schematic illustration of N-MWCNT-Na-CMC composite. 
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. Experimental 

.1. Materials 

Analytical grade of Na-CMC ( M n ) of 90,0 0 0, N-MWCNTs, urea 

nd ammonium hydroxide were purchased from Sigma-Aldrich 

vt., Ltd. (India) and used for column packing in this study. 

he solutes n -alkanes (C6–C10), acetone (AC), diethyl ether (DEE), 

etrahydrofuran (THF), ethyl acetate (EA), chloroform (CH 3 Cl) and 

ichloromethane (CH 2 Cl 2 ) were analytical grade compounds pur- 

hased from Sigma-Aldrich Pvt., Ltd. (India). A stainless-steel col- 

mn of 3 mm internal diameter and 50 cm length, received 

rom (Sigma-Aldrich). The columns were perfectly washed with 

ethanol and acetone solvent and then dried in the oven at 50 °C. 

.2. Preparation of nitrogen doped multiwalled carbon nanotubes 

N-MWCNTs) 

The required amount of (3 g) of N-MWCNTs was taken into the 

ound bottom flask and dissolved in the double distilled water, the 

eaction mixture was completely stirred for 300 ppm and 80 °C. Af- 

er that, the amount of 2.1 g of urea and 30 % ammonium hydrox- 

de solution was added in the reaction mixture and continuously 

tirred for 12 h at same temperature. The reaction mixture washed 

y using ethanol and allowed to evaporate the solvent to get well 

ried reaction mixture of N-MWCNTs. 

.3. Preparation of N-MWCNTs -Na-CMC hybrid composite 

The expected amount of 2.5 g of N-MWCNTs and 3 g of Na- 

MC was taken into the round bottom flask and dissolved in the 

ouble distilled water, the reaction mixture was thoroughly stirred 

or 300 ppm spin and 80 °C continuously for 12 h. The calculated 

mount of 30 mL of 30% ammonium hydroxide solution was added 

n the reaction mixture and stirred for 12 h at 80 °C. The reaction

ixture washed by using methanol and ethanol solvents. Finally, 

he solvent allowed to evaporate via rotavapor and dried in the 

acuum oven at 80 °C for 12 h to complete the reaction product. 

he schematic diagram shown in Fig. 1 
3 
.4. Column preparation 

The collected reaction mixtures of hybrid composites were used 

or column preparation of 50 cm long, 3 mm internal diameter 

tain less tube cleaned with acetone and ethanol solvents. The col- 

mn was filled by the solid particles (Na-CMC:1.400 g, N-MWCNTs: 

.400 g and N-MWCNTs-Na-CMC: 1.027g) using mechanical vibra- 

or with continuous tapping system. After that the column packing 

t both ends plugged with silane-treated glass wool materials and 

onditioned with continuous purified helium flow overnight. 

.5. IGC experiments 

Inverse gas chromatographic experimental measurements were 

arried out using a dual column AIMIL (model 5700, AIMIL Ltd, 

ew Delhi) gas chromatograph (GC) coupled with flame ionization 

etector (FID). High purity (99.99%) helium was used for carrier 

as at flow rate over the range 20 mL/min. The out let and in let

ressure of the columns were measured at manometers. The mea- 

urements were carried out at constant oven temperature at inter- 

als of 10 °C from 353.15 to 383.15 K. About 0.1 μL of each probe

olute was injected using Hamilton microsyringe. The void volume 

 0 of columns was obtained by measuring the dead retention time 

f methane t 0 for the used temperatures and served to determine 

he net retention volume of the probes. The corrected flow rate D c 

nd the correction James-Martin factor j [37] were used to deter- 

ine the void volume, the total retention volume V R and the net 

etention volume V n of the probes by using the following relations: 

 0 = j D c t 0 , V R = j D c t R and V n = V R – V 0 . For each measure-

ent, at least three repeated injections were made to obtain re- 

roducible results used in the calculation of net retention volume 

 n . The standard deviation was less than 1% in all measurements. 

he spectroscopic results were mentioned clearly in our previous 

ublished research article [53] . 

.6. UV-photo detectors 

Firstly, SiO 2 substrate was diced into the 1 × 1 cm samples and 

hen clean organic solvents (ethanol, acetone and DI water) in or- 

er to remove the native oxides and particles. The optimized N- 
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Table 1 

Values of the free energy ( −�G a in kJ mo l −1 ) of adsorption of the var- 

ious polar solvents on N-MWCNT (a), Na-CMC (b) and N-MWCNT-Na- 

CMC (c) at various temperatures. 

−�G a (N-MWCNT) (a) 

T(K) 353.15 363.15 373.15 383.15 

C6 24.170 22.730 20.950 18.832 

C7 29.367 27.028 24.235 20.903 

C8 33.007 30.440 27.307 23.451 

C9 34.828 32.342 29.416 25.841 

C10 37.030 34.697 31.836 28.580 

CH 2 Cl 2 22.257 20.908 19.334 18.212 

CHCl 3 21.468 20.144 18.885 17.704 

Diethyl ether 21.733 20.103 18.500 17.495 

THF 21.909 20.482 19.521 18.737 

Ethyl acetate 24.170 22.122 20.953 19.788 

Acetone 21.879 20.112 19.067 18.036 

−�G a (Na-CMC) (b) 

T(K) 353.15 363.15 373.15 383.15 

C6 9.818 9.717 9.617 9.516 

C7 9.777 9.524 9.272 9.019 

C8 10.323 10.090 9.856 9.622 

C9 10.870 10.655 10.440 10.225 

C10 11.193 10.921 10.650 10.378 

CH 2 Cl 2 9.770 9.550 9.220 8.870 

CHCl 3 12.800 12.550 12.350 12.000 

Diethyl ether 10.230 10.052 9.880 9.710 

THF 10.350 10.000 9.800 9.630 

Ethyl acetate 11.700 11.350 11.000 10.750 

Acetone 11.000 10.680 10.340 9.980 

−�G a (N-MWCNT-Na-CMC) (c) 

T(K) 353.15 363.15 373.15 383.15 

C6 30.850 29.924 28.903 27.416 

C7 35.323 33.486 31.563 29.413 

C8 38.318 36.421 34.361 32.168 

C9 41.313 39.357 37.160 34.924 

C10 44.668 42.871 40.669 38.079 

CH 2 Cl 2 32.300 30.220 28.645 27.112 

CHCl 3 35.228 35.092 32.984 30.251 

Diethyl ether 31.963 30.155 28.380 27.205 

THF 33.726 32.236 30.608 28.254 

Ethyl acetate 36.082 34.484 32.576 29.932 

Acetone 33.406 32.208 30.264 28.427 

Table 2 

Values of ( −�G a (N−MWCNT) + ( −�G a (Na-CMC) of adsorption of the 

various polar solvents at various temperatures. 

( −�G a (N−MWCNT) + ( −�G a (Na-CMC) 

T(K) 353.15 363.15 373.15 383.15 

C6 33.988 32.447 30.567 28.349 

C7 39.143 36.552 33.507 29.922 

C8 43.331 40.529 37.163 33.074 

C9 45.697 42.996 39.856 36.065 

C10 48.223 45.618 42.486 38.958 

CH 2 Cl 2 32.027 30.458 28.554 27.082 

CHCl 3 34.268 32.694 31.235 29.704 

Diethyl ether 31.963 30.155 28.380 27.205 

THF 32.259 30.482 29.321 28.367 

Ethyl acetate 35.870 33.472 31.953 30.538 

Acetone 32.879 30.792 29.407 28.016 

o

l

(

p

e

WCNTs-Na-CMC nanocomposite was spin coated on diced SiO 2 

ubstrate with speed of 20 0 0 rpm for 30 s and the sample was

nnealed at 50 °C for 40 min over the hotplate to allow the better 

dhesiveness. Thereafter, the Au metal contacts of 100 nm thick- 

ess and 1 mm diameter were deposited on the annealed sam- 

les through a shadow mask using e-beam evaporation, and in- 

ium was rubbed on the backside of the photodetector (PD) sam- 

le. In order to evaluate the photodetection performances of the N- 

WCNTs-Na-CMC nanocomposite sample we have fabricated pris- 

ine CNT PD device for the comprehensive comparison. 

The photoresponse characteristics of the as prepared samples 

ere tested under the UV illumination ( λ= 382 nm) with a power 

ensity of 3.23 mW/cm 

2 . A mechanical chopper fan was positioned 

pposite to the sample to avoid the direct illumination. The cor- 

esponding, on/off photoresponse cycles were collected using the 

abVIEW programmed PC externally connected to the Keithley- 

400 and lock-in amplifier. 

. Results and discussion 

.1. IGC analysis 

.1.1. The gibbs free energy of adsorption 

The IGC measurements of the net retention volume V n of n- 

lkanes and polar probes led to the determination of the free 

nergy ( −�G a ) of adsorption on the Na-CMC, N-MWCNTs and 

-MWCNTs-Na-CMC polymer particles ( Table 1 ) at four different 

emperatures (353.15K–383.15K). 

Results obtained showed larger free energy of adsorption 

 −�G a ) of all organic solvents on N-MWCNTs-Na-CMC compared 

o ( −�G a ) of Na-CMC, N-MWCNTs. 

It was proved that the sum of the free energies of adsorption 

elative to Na-CMC and N-MWCNTs ( Table 2 ) was equal to the free

nergy of adsorption of the N-MWCNTs-Na-CMC polymer compos- 

te ( Table 1 ): 

�G a ) ( N − MW CNT s − Na − CMC ) 

= ( −�G a ) ( N − MW CNT s ) + ( −�G a ) ( Na − CMC ) (7) 

The above relation was proved valid for all organic molecules. 

his interesting result is conformed to the additivity principle of 

he free energy that is effectively considered as a variable of state. 

ndeed, for any state variable G, we can write thermodynamically 

n the case of a chemical compound A-B : 

 ( A − B ) = G ( A ) + G ( B ) (8) 

We proved that the ratio [( −�G a (N-MWCNTs)) + ( −�G a (Na- 

MC))]/[( −�G a (N-MWCNTs-Na-CMC))] ( Table 3 ) is about 1 . 00 ±
 . 05 showing the validity of the additivity principle of the free en-

rgy of adsorption. 

The determination of ( −�G a ) (T ) of the various probes ad- 

orbed on the three polymer materials as a function of materials 

ed to evaluate the enthalpy and entropy of adsorption. On Table 4 , 

e presented the values of the enthalpy ( −�H a in kJ mo l −1 ) and 

ntropy ( −�S a in J K 

−1 mo l −1 ) of adsorption of the various polar 

olvents on N-MWCNTs (a), Na-CMC (b) and N-MWCNTs-Na-CMC 

c). A strong enthalpy of interaction was showed ( Table 4 ) in the

ase of the adsorption of organic molecules on the N-MWCNTs and 

reater than the enthalpy of Na-CMC and N-MWCNTs-Na-CMC. 

The obtained results proved the following inequations: 

 < 

( −�H a ) ( N − MW CNT s ) 

( −�H a ) ( N − MW CNT s − Na − CMC ) 
< 10 (9) 

 < 

( −�H a ) ( N − MW CNT s ) 

( −�H a ) ( Na − CMC ) 
< 50 (10) 

 < 

( −�H a ) ( N − MW CNT s − Na − CMC ) 

( −�H a ) ( Na − CMC ) 
< 6 (11) 
4 
Proving that the enthalpy of adsorption ( −�H a ) of the solvents 

n the three surfaces can be classified in increasing order as fol- 

ows: 

 

Na − CMC ) < ( N − MW CNT s − Na − CMC ) < ( N − MW CNT s ) 

(12) 

This result proved the important force of adsorption of the 

robes on N-MWCNT carbon nanotubes. On the other hand, the 

nthalpy of adsorption relative to polar molecules adsorbed on N- 
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Table 3 

Values of the ration [( −�G a (N-MWCNT)) + ( −�G a (Na-CMC))]/[( −�G a (N- 

MWCNT-Na-CMC))] at various temperatures. 

[( −�G a (N−MWCNT)) + ( −�G a (Na-CMC))]/[( −�G a (N-MWCNT-Na-CMC))] 

T(K) 353.15 363.15 373.15 383.15 Average value 

C6 1.10 1.08 1.06 1.03 1.10 

C7 1.11 1.09 1.06 1.02 1.11 

C8 1.13 1.11 1.08 1.03 1.13 

C9 1.11 1.09 1.07 1.03 1.11 

C10 1.08 1.06 1.04 1.02 1.08 

CH 2 Cl 2 0.99 1.01 1.00 1.00 0.99 

CHCl 3 0.97 0.93 0.95 0.98 0.97 

Diethyl ether 1.00 1.00 1.00 1.00 1.00 

THF 0.96 0.95 0.96 1.00 0.96 

Ethyl acetate 0.99 0.97 0.98 1.02 0.99 

Acetone 0.98 0.96 0.97 0.99 0.98 

Table 4 

Values of the enthalpy ( −�H a in kJ mol 
−1 

) and entropy ( −�S a in J K 
−1 mol 

−1 
) of 

adsorption of the various polar solvents on N-MWCNT (a), Na-CMC (b) and N- 

MWCNT-Na-CMC (c). 

N-MWCNT (a) 

Probes ( −�S a ) ( −�H a ) 

C6 177.9 112.652 

C7 281.8 129.138 

C8 318.0 145.624 

C9 298.9 140.634 

C10 282.1 136.888 

Dichloromethane 137.1 706.490 

CHCl 3 125.5 657.590 

Diethyl ether 143.2 721.670 

THF 104.8 587.330 

Ethyl acetate 143.1 744.540 

Acetone 125.8 660.690 

Na-CMC (b) 

Probes ( −�S a ) ( −�H a ) 

C6 10.0 13.366 

C7 25.3 18.694 

C8 23.4 18.578 

C9 21.5 18.461 

C10 27.2 20.788 

Dichloromethane 30.3 20.507 

CHCl 3 26.0 21.997 

Diethyl ether 17.3 16.344 

THF 23.6 18.633 

Ethyl acetate 32.0 22.981 

Acetone 34.0 23.017 

N-MWCNT-Na-CMC (c) 

Probes ( −�S a ) ( −�H a ) 

C6 113.2 70.961 

C7 196.5 104.810 

C8 205.1 110.830 

C9 213.7 116.850 

C10 219.7 122.450 

Dichloromethane 171.4 92.666 

CHCl 3 170.4 96.117 

Diethyl ether 160.5 88.511 

THF 180.4 97.626 

Ethyl acetate 203.6 108.220 

Acetone 168.8 93.224 

M

n  

s

w

4

d

m

c

Table 5 

Values of the dispersive component of the surface energy γ d 
s ( mJ / m 

2 ) 

of N-MWCNT (a), Na-CMC (b) and N-MWCNT-Na-CMC (c) using the var- 

ious models. 

(N-MWCNT) (a) 

T(K) 353.15 363.15 373.15 383.15 

Dorris-Gray 70.76 59.29 47.82 36.35 

Gray-Hamieh model 108.58 88.10 67.62 47.15 

Hamieh model 71.60 59.99 48.38 36.77 

Spherical 157.96 136.01 114.05 92.09 

Geometric 39.20 34.68 30.15 25.63 

Redlich-Kwong 100.25 86.66 73.07 59.48 

VDW 61.03 52.77 44.51 36.25 

Cylindrical 52.03 45.65 39.26 32.87 

Kiselev 53.63 46.85 40.08 33.30 

Global average 79.44 67.77 56.09 44.42 

γ d 
s (Na-CMC) (b) 

T(K) 353.15 363.15 373.15 383.15 

Dorris-Gray 21.35 19.13 17.77 16.23 

Gray-Hamieh model 36.44 33.05 29.11 25.23 

Hamieh model 28.22 24.11 19.76 14.98 

Spherical 60.20 49.62 43.66 38.17 

Geometric 15.01 13.87 11.53 10.03 

Redlich-Kwong 36.37 30.57 26.85 21.76 

VDW 22.02 19.03 15.84 12.97 

Cylindrical 20.34 18.27 16.19 14.12 

Kiselev 18.90 16.37 13.84 11.32 

Global average 29.38 26.01 22.64 19.27 

γ d 
s (N-MWCNT-Na-CMC) (c) 

T(K) 353.15 363.15 373.15 383.15 

Dorris-Gray 39.55 34.74 29.93 25.12 

Gray-Hamieh model 60.77 51.49 42.20 32.92 

Hamieh model 44.39 37.30 30.20 23.11 

Spherical 97.47 84.25 71.03 57.80 

Geometric 24.49 21.74 18.99 16.24 

Redlich-Kwong 61.29 53.26 45.22 37.18 

VDW 37.34 32.45 27.56 22.67 

Cylindrical 32.37 28.50 24.63 20.75 

Kiselev 33.37 29.25 25.13 21.01 

Global average 47.90 41.45 35.00 28.54 

D

T

m

n

t

p

γ

f

r

N

t

N

c

e

γ

d

b

p

γ
e

WCNTs is more important than that of non-polar molecules, like 

-alkanes ( Table 4 a). The results of the specific enthalpy of the ad-

orption of polar molecules on the different polymeric materials 

ill be given in Section 4.1.3 . 

.1.2. The London dispersive surface energy of materials 

The dispersive component of the surface energy γ d 
s of the 

ifferent solid substrates was determined by using the various 

olecular models such as Kiselev, Van der Waals, Redlich-Kwong, 

ylindric, geometric, spheric, Hamieh model (thermal model) [28] , 
5 
orris-Gray relation [46] and Hamieh-Dorris-Gray model [ 28 , 49 ]. 

he obtained results were given in Table 5 . We proved for all used 

olecular models and Dorris-Gray method, the dispersive compo- 

ent of the surface energy of N-MWCNTs is the highest compared 

o other polymer surfaces. 

Table 5 showed the following classification whatever the ap- 

lied molecular model: 

d 
s (N − MW CNT s ) > γ d 

s ( N − MW CNT s − Na − CMC ) 

> γ d 
s ( Na − CMC ) (13) 

The result given by relation (7) showing the additivity of the 

ree energy of adsorption, suggested to us to calculate the geomet- 

ic mean of γ d 
s (A ) (of polymer Na-CMC) and γ d 

s (A ) (of polymer 

-MWCNTs) and to show that this geometric mean is none other 

han the dispersive component of the surface energy γ d 
s ( A − B ) of 

-MWCNTs-Na-CMC polymer composite. This interesting and pre- 

ious result can be represented by the following relation with an 

xcellent accuracy (less than 3%): 

d 
s ( A − B ) = 

√ 

γ d 
s ( A ) 

√ 

γ d 
s ( B ) (14) 

On Fig. 2 we gave the comparison between the various London 

ispersive surface energy and showed the validity of relation (14) 

y choosing Hamieh model for example. 

The γ d 
s values are decreasing with increasing of the tem- 

erature for all polymer composites. The highest value of 
d 

s ( N − MW CNT s ) relatively to ( N − MW CNT s − Na − CMC ) can be 

xplained in terms of chemical or physical polymer structure of 
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Fig. 2. Variations of the London dispersive surface energy γ d 
s ( mJ/ m 

2 ) of MWCNT (A), CMC (B) and MWCNT-Na-CMC (A-B) as a function of the temperature T (K) using 

Hamieh model. 
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(

a

he material. The two above samples contain N-MWCNTs whereas, 

a – CMC polymer contains some chemical and hydrogen bond- 

ng interactions with the probe solutes. The presence of func- 

ional groups rings active surface sites, in other words, physical 

nteractions are interactive blending of the -NH 2 group. This may 

lso lead to increase in the London dispersive surface free energy 

f the N- MWCNTs-Na-CMC polymer composite. The intramolecu- 

ar hydrogen bonding and N-MWCNTs repulsion occurred between 

robes and polymeric Na-CMC materials. The γ d 
s values are indi- 

ating that the surface of the solid material as getting structured 

hanges that allowed for the penetration of the probe molecules. 

he temperature gradient of γ d 
s is negative ( Table 6 ) which may 

e attributed to the increase in the distance of accession between 

he N-MWCNTs and polymeric molecules with increase of temper- 

ture. 

The London dispersive energy is inversely proportional to the 

ixth power of the distance of separation between the molecules. 

herefore, with the increase of temperature, the distance of disso- 

ution between molecules also increases and the dispersive energy 

ecreases [ 50 , 51 ]. 

On Table 6 , we gave the different equations γ d 
s (T ) of N- 

WCNTs (a), Na-CMC (b) and N-MWCNTs-Na-CMC (c) for various 

olecular models of n-alkanes as a function of the temperature. 

e also determined the values of the dispersive surface entropy 

 

d 
s , the extrapolated values γ d 

s ( T = 0 K ) for the different molecular 

odels ( Table 6 ). The more precise model giving the more accurate 

alues of γ d 
s is that given by Hamieh model taking into account the 

hermal effect on the surface areas of the various used n-alkanes 

 28 , 52 ]. Expressions 11–13 gave the variations of γ d 
s as a function

f the temperature for the three studied polymeric materials: 

d 
s ( T ) ( N − MW CNT s ) = −1 . 16 T + 4 81 . 6 8 (15) 
L

6 
d 
s ( T ) ( Na − CMC ) = −0 . 44 T + 184 . 01 (16) 

d 
s ( T ) ( N − MW CNT s − CMC ) = −0 . 71 T + 294 . 95 (17) 

.1.3. The specific thermodynamic variables and Lewis’s acid-base 

arameters 

The values of the specific free energy ( −�G 

sp 
a ) of adsorption of 

he probes on the various polymeric materials were obtained from 

q. (3 ) by using the different IGC methods based on the follow- 

ng parameters, such as P 0 [ 38 , 39 ], BP [40] , α0 [41] , �H 

0 
v ap [32] ,

T [42] , �H 

0 
v ap (T ) , �H 

0 
f 

and seven other molecular models de- 

ending of the surface areas of organic molecules. The values of 

 −�G 

sp 
a ) of different polar solvents adsorbed on the various poly- 

eric materials were given on Tables S.I.1. and S.I.2. as a function 

f the temperature by using the different molecular models and 

GC methods. The results proved an important difference between 

he behavior of the different materials. The highest specific inter- 

ctions were obtained for N-MWCNTs followed by the N-MWCNTs- 

a-CMC polymer composite and then Na-CMC polymer whatever 

he used model or method. A strong tendency of amphoteric char- 

cter was observed for N-MWCNTs with highest basic property. 

his acid base character decreases from N-MWCNTs to N-MWCNTs- 

a-CMC and Na-CMC. To confirm this property, we estimated the 

pecific enthalpy of adsorption �H 

sp 
a and specific entropy of ad- 

orption �S 
sp 
a using Eq. (4 ). The representation of ( −�G 

sp 
a ) (T ) as

 function of the temperature ( Fig. 3 ), for the various materials, ex- 

ibited a linear variation with a good linear regression coefficient 

pproaching the unit for all IGC methods and models. 

( −�G 

sp 
a ) (T ) gave the values of ( −�S 

sp 
a ) and ( −�H 

sp 
a ) re-

pectively from the slope and intercept of the straight line 

 −�G 

sp 
a ) (T ) . Furthermore, the ( −�H 

sp 
a ) values along with Lewis’s 

cid-base parameters have been used in Eq. (5) to evaluate their 

ewis acid-base parameters. Tables 7 and 8 gave the values of 
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Table 6 

Equations γ d 
s (T ) of N-MWCNT (a), Na-CMC (b) and N-MWCNT-Na-CMC (c) for various molecular models 

of n-alkanes, and values of the dispersive surface entropy ε d s and the extrapolated values γ d 
s ( T = 0 K ) by 

using the different molecular models. 

N-MWCNT (a) 

Molecular model γ d 
s (in mJ/m 

2 ) 
dγ d 

s 

dT 
(in mJ m 

−2 K −1 ) γ d 
s ( T = 0 K ) (in mJ/m 

2 ) 

Dorris-Gray γ d 
s (T ) = -1.15 T + 475.86 -1.15 475.86 

Gray-Hamieh model γ d 
s (T ) = -2.05 T + 831.76 -2.05 831.76 

Hamieh model γ d 
s (T ) = -1.16 T + 481.68 -1.16 481.68 

Spherical γ d 
s (T ) = -2.20 T + 933.41 -2.20 933.41 

Geometric γ d 
s (T ) = -0.45 T + 198.93 -0.45 198.93 

Redlich-Kwong γ d 
s (T ) = -1.36 T + 580.18 -1.36 580.18 

VDW γ d 
s (T ) = -0.83 T + 352.77 -0.83 352.77 

Cylindrical γ d 
s (T ) = -0.64 T + 277.59 -0.64 277.59 

Kiselev γ d 
s (T ) = -0.68 T + 292.85 -0.68 292.85 

Global average γ d 
s (T ) = -1.17 T + 491.67 -1.17 491.67 

Na-CMC (b) 

Molecular model γ d 
s (in mJ/m 

2 ) 
dγ d 

s 

dT 
(in mJ m 

−2 K −1 ) γ d 
s ( T = 0 K ) (in mJ/m 

2 ) 

Dorris-Gray γ d 
s (T ) = -0.17 T + 80.19 -0.17 80.19 

Gray-Hamieh model γ d 
s (T ) = -0.38 T + 169.25 -0.38 169.25 

Hamieh model γ d 
s (T ) = -0.44 T + 184.01 -0.44 184.01 

Spherical γ d 
s (T ) = -0.72 T + 313.13 -0.72 313.13 

Geometric γ d 
s (T ) = -0.17 T + 76.226 -0.17 76.226 

Redlich-Kwong γ d 
s (T ) = -0.48 T + 203.93 -0.48 203.93 

VDW γ d 
s (T ) = -0.30 T + 129.10 -0.3 129.1 

Cylindrical γ d 
s (T ) = -0.21 T + 93.51 -0.21 93.51 

Kiselev γ d 
s (T ) = -0.25 T + 108.14 -0.25 108.14 

Global average γ d 
s (T ) = -0.34 T + 148.29 -0.34 148.29 

N-MWCNT-Na-CMC (c) 

Molecular model γ d 
s (in mJ/m 

2 ) 
dγ d 

s 

dT 
(in mJ m 

−2 K −1 ) γ d 
s ( T = 0 K ) (in mJ/m 

2 ) 

Dorris-Gray γ d 
s (T ) = -0.48 T + 209.38 -0.48 209.38 

Gray-Hamieh model γ d 
s (T ) = -0.93 T + 388.67 -0.93 388.67 

Hamieh model γ d 
s (T ) = -0.71 T + 294.95 -0.71 294.95 

Spherical γ d 
s (T ) = -1.32 T + 564.48 -1.321 564.48 

Geometric γ d 
s (T )= -0.28 T + 121.57 -0.28 121.57 

Redlich-Kwong γ d 
s (T ) = -0.80 T + 345.12 -0.80 345.12 

VDW γ d 
s (T ) = -0.49 T + 209.92 -0.49 209.92 

Cylindrical γ d 
s (T ) = -0.39 T + 169.11 -0.39 169.11 

Kiselev γ d 
s (T ) = -0.415 T + 178.94 -0.419 178.94 

Global average γ d 
s (T ) = -0.65 T + 275.79 -0.65 275.79 

(
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 −�H 

sp 
a ) and ( −�S 

sp 
a ) of the various polar molecules adsorbed re- 

pectively on N-MWCNTs and N-MWCNTs-Na-CMC surfaces for the 

ifferent IGC methods and models. 

Knowing the normalized acceptor AN 

′ and donor DN 

′ numbers 

f the polar solvents [ 27 , 29 , 48 ], we drew on Figs. 4 and 5 the vari-

tions of ( −�H 

sp 
a ) /AN 

′ and ( −�S 
sp 
a ) /AN 

′ as a function of DN 

′ /AN 

′ 
f the different polar molecules for N- MWCNTs and N-MWCNTs- 

a-CMC polymer composite samples. 

The values of acidic K A and basic K D constants of the different 

aterials were obtained by using Eq. (5 ) from the slope and in- 

ercept of the liner plots respectively in all 14 methods and mod- 

ls. Whereas, the entropic acid ω A and base ω D constants were ob- 

ained from Eq. (18) : 

−�S sp 
a 

)
= ω A DN 

′ + ω D AN 

′ (18) 

The values of enthalpic and entropic acid base constants were 

iven on Table 9 for N-MWCNT, Na-CMC and N-MWCNTs-Na-CMC 

olymeric materials as well as their acid base ratios by using the 

bove 14 molecular models and methods. 

The values presented on Table 9 clearly showed highest K A , K D , 

 A and ω D acid base constants for N- doped MWCNTs respec- 

ively followed by N-MWCNTs -Na-CMC and Na-CMC polymers. Re- 

ults of Table 9 showed a strong basic character of the various 

olymeric materials. We obtained the following average values of 

he different acid base parameters of the three surfaces obtained 

y the different models: For N-MWCNTs, K A = 0.82, K D = 1.79, 

 A = 2.1 × 10 −3 and ω D = 5 × 10 −3 ; for N-MWCNTs-Na-CMC: 

 = 0.17, K = 0.82, ω = 4.8 × 10 −4 and ω = 1.9 × 10 −3 ;
A A A D 

7 
nd for Na-CMC: K A = 0.05, K D = 0.47, ω A = 1.17 × 10 −4 and

 D = 8.3 × 10 −4 . These average acid base values are very close 

o that obtained by using Hamieh model that gave for N-MWCNTs, 

 A = 0.89, K D = 1.85, ω A = 2.1 × 10 −3 and ω D = 5 × 10 −3 ;

or N-MWCNTs-Na-CMC: K A = 0.27, K A = 0.57, ω A = 8.3 × 10 −4 

nd ω D = 1.2 × 10 −3 ; and for Na-CMC: K A = 0.09, K D = 0.17,

 A = 1.25 × 10 −4 and ω D = 8.5 × 10 −4 . The superiority of Hamieh

odel results from taking into account the thermal effect on the 

urface area [28] of the solvents that led to more accurate values 

f acid base parameters. 

For the 14 used models and methods, one can classify the three 

tudied materials in decreasing order of their acidic and basic con- 

tants: 

 A ( N − MW CNT s ) > K A ( N − MW CNT s − Na − CMC ) 

> K A ( Na − CMC ) (19) 

 D ( N − MW CNT s ) > K D ( N − MW CNT s − Na − CMC ) 

> K D ( Na − CMC ) (20) 

 A ( N − MW CNT s ) > w A ( N − MW CNT s − Na − CMC ) 

> w A ( Na − CMC ) (21) 

 D ( N − MW CNT s ) > w D ( N − MW CNT s − Na − CMC ) 

> w D ( Na − CMC ) (22) 
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Fig. 3. Variations of �G sp 
a (T ) as a function of the temperature of acetone adsorbed on N-MWCNT (a), Na-CMC (b) and N-MWCNT-Na-CMC (c) surfaces by using the different 

IGC models and methods. 

t

T

s

s

t

a

c

p

t

r

p

p

We observed that the same order was obtained by Eq. (13) for 

he London dispersive surface energy of the different materials. 

his implied that the material exhibiting higher acid base con- 

tants has also higher dispersive surface energy. The obtained re- 

ults suggest that the N- MWCNTs contain more basic sites than 

he N-MWCNTs-Na-CMC polymer composite and Na-CMC surfaces 

nd can interact strongly in the Lewis acidic media. The overall 
8 
haracter of the three surfaces is basic in nature. However, an am- 

hoteric character was observed in the N- MWCNTs showing that 

his material can also interact in the Lewis basic media. 

On the other hand, we proved by calculation that the geomet- 

ic mean of any acid base parameter X of Na-CMC and N-MWCNTs 

olymers was equal to that of N-MWCNTs-Na-CMC polymer com- 

osite. This can be expressed by Eq. (23) with a good accuracy (less 
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Fig. 3. Continued 

Table 7 

Values of the specific enthalpy ( −�H sp 
a in kJ mo l −1 ) of the various polar solvents adsorbed on N-MWCNT (a) 

and N-MWCNT-Na-CMC (b) surfaces by using the various molecular models, Hamieh model, topological index, 

deformation polarizability, vapor pressure, boiling point, standard enthalpy of vaporization and enthalpy of 

formation methods compared to global average. 

N-MWCNT (a) 

Probes CH 2 Cl 2 CHCl 3 Diethyl ether THF Ethyl acetate Acetone 

Kiselev 97.878 65.097 62.017 80.749 61.171 65.654 

Spherical 85.546 52.362 65.488 66.714 50.731 54.739 

Geometric 79.38 10.207 76.358 79.508 57.404 75.032 

VDW 88.103 40.571 66.542 65.542 54.976 59.671 

Redlich-Kwong 87.531 40.347 66.04 65.431 55.005 59.641 

Cylindrical 74.258 14.541 78.682 87.957 62.086 77.58 

Hamieh model 113.15 14.418 70.452 83.548 68.104 101.59 

Topological index 67.017 32.542 70.898 65.63 59.019 60.46 

Deformation polarizability 107.17 49.591 65.325 55.019 52.133 52.687 

Vapor pressure 80.982 52.179 56.953 69.746 51.327 72.861 

Boiling point BP 90.621 62.659 67.938 75.803 67.283 79.837 

�H 0 v ap 102.83 62.683 74.571 80.397 72.956 86.568 

�H 0 v ap (T ) 99.277 58.756 69.494 76.769 64.227 87.745 

Enthalpy of formation �H 0 
f 

72.810 35.996 119.950 87.160 141.130 109.020 

Average values 89.040 42.282 72.193 74.284 65.539 74.506 

N-MWCNT-CMC (b) 

Probes CH 2 Cl 2 CHCl 3 Diethyl ether THF Ethyl acetate Acetone 

Kiselev 21.639 31.514 16.631 8.2611 20.736 28.181 

Spherical 29.596 27.042 14.433 19.01 29.184 34.725 

Geometric 34.911 16.185 7.3503 21.526 23.893 19.046 

VDW 31.786 28.7 15.466 20.161 26.069 31.589 

Redlich-Kwong 27.467 23.499 13.7 19.713 25.594 30.55 

Cylindrical 40.059 31.179 6.1969 24.075 21.303 21.859 

Hamieh model 15.037 22.114 39.103 23.738 17.984 15.756 

Topological index 44.559 45.677 11.712 20.28 23.053 31.656 

Deformation polarizability 15.124 33.517 15.919 29.346 28.065 37 

Vapor pressure 28.529 27.275 9.5197 14.721 23.813 17.102 

Boiling point BP 28.155 23.926 13.223 12.621 16.101 17.001 

�H 0 v ap 17.719 22.776 9.109 9.9233 11.981 11.633 

�H 0 v ap (T ) 20.98 21.785 13.488 13.965 19.257 9.8408 

Enthalpy of formation �H 0 
f 

42.038 44.238 7.1912 4.5676 19.377 18.705 

Average values 28.400 28.531 13.789 17.279 21.886 23.189 

9 
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Fig. 4. Variations of ( −�H sp 
a 

A N ′ ) as a function of ( D N 
′ 

A N ′ ) of different polar molecules adsorbed on N-MWCNT (a) and N-MWCNT-Na-CMC (b) surfaces for different molecular 

models and IGC methods. 
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Fig. 5. Variations of ( −�S sp 
a 

A N ′ ) as a function of ( D N 
′ 

A N ′ ) of different polar molecules adsorbed on N-MWCNT (a) and N-MWCNT-Na-CMC (b) surfaces for different molecular 

models and IGC methods. 
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Table 8 

Values of the specific entropy ( −�S sp 
a in J K 

−1 mo l −1 ) of the various polar solvents adsorbed on N-MWCNT 

(a) and N-MWCNT-Na-CMC (b) surfaces by using the various molecular models, Hamieh model, topologi- 

cal index, deformation polarizability, vapor pressure, boiling point, standard enthalpy of vaporization and 

enthalpy of formation methods compared to global average. 

N-MWCNT (a) 

Probes CH 2 Cl 2 CHCl 3 Diethyl ether THF Ethyl acetate Acetone 

Kiselev 268.7 188.1 171.4 207.9 157.8 175.1 

Spherical 241.6 163.2 181.7 177 134.5 149.2 

Geometric 222.4 37.5 203.8 206.6 152.6 196.9 

VDW 245.8 127 182.7 174.5 144.5 160.7 

Redlich-Kwong 244.4 126.6 181.5 174.2 144.6 160.7 

Cylindrical 211.8 53.9 209.04 224.9 161.4 201.5 

Hamieh model 287.8 33.8 185 201.2 164.5 247.1 

Topological index 198.3 101.5 189.9 179.3 160.6 171.4 

Deformation polarizability 280 136.2 178.4 157.7 146.5 155.5 

Vapor pressure 219.4 136.2 152.9 182.2 140 191.5 

Boiling point BP 245.4 162.4 182.7 199.4 177 210.1 

�H 0 v ap 271 162.9 197.2 209.4 188.9 224.5 

�H 0 v ap (T ) 260.1 145.5 176.9 193.5 168.4 227.9 

Enthalpy of formation �H 0 
f 

210.1 108.5 289.8 223.2 328 270.4 

Global average 268.7 188.1 171.4 207.9 157.8 175.1 

N-MWCNT-Na-CMC (b) 

Probes CH 2 Cl 2 CHCl 3 Diethyl ether THF Ethyl acetate Acetone 

Kiselev 42.2 66.1 34.2 21.2 51.8 67.3 

Spherical 58.9 44.8 27.8 44.3 70.8 81.8 

Geometric 74.4 18 14.3 54.7 56.4 44.9 

VDW 66.4 51.9 32 47.3 63.7 75.1 

Redlich-Kwong 54.5 36.8 27.2 45.7 62.3 71.9 

Cylindrical 86.2 58.5 11.3 71.8 52.7 54.6 

Hamieh model 41.7 48.2 100.6 72.5 54.2 52.6 

Topological index 93.7 98.3 25.4 44.2 51.5 68.4 

Deformation polarizability 35.7 74.6 33.9 62.8 61.4 78.7 

Vapor pressure 64.5 63.7 20.9 36.2 54.1 40.6 

Boiling point BP 62.6 55.8 29 29.4 37.4 39.8 

�H 0 v ap 40.5 52.5 20.4 23.9 29.1 28.4 

�H 0 v ap (T ) 50.3 54.5 37.6 39.6 46.2 23.5 

Enthalpy of formation �H 0 
f 

89.9 96.7 39.4 13.1 84.8 62.7 

Global average 61.5 58.6 32.4 43.3 55.45714 56.45 

Fig. 6. Photo response characteristics of N- MWCNTs and N-MWCNTs - Na-CMC polymer composite. 
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Table 9 

Values of the enthalpic acid base constants K A and K D (unitless) and the entropic acid 

base constants ω A and ω D (unitless) of N-MWCNT (a), Na-CMC (b) and MWCNT-Na-CMC 

(c) surfaces and their acid base ratios for the different used molecular models and IGC 

methods. 

N-MWCNT (a) 

Models and IGC methods K A K D K D /K A 10 3 . ω A 10 3 . ω D ω D / ω A 

Kiselev 0.85 1.44 1.69 2.2 4.4 2.0 

Spherical 0.71 1.49 2.11 1.9 4.6 2.5 

Geometric 0.89 1.02 1.16 2.3 3.2 1.4 

Van der Waals 0.70 1.64 2.35 1.8 4.8 2.6 

Redlich-Kwong 0.99 1.63 1.65 1.8 4.8 2.6 

Cylindrical 0.99 0.77 0.78 2.5 2.7 1.1 

Hamieh model 0.89 1.85 2.07 2.1 5 2.3 

Topological index 0.72 1.44 2.00 1.9 4.3 2.2 

Deformation polarizability 0.55 2.30 4.14 1.6 6 3.8 

Vapor pressure 0.74 1.44 1.95 1.9 4.1 2.1 

Boiling point BP 0.80 1.99 2.49 2.1 5.4 2.6 

�H 0 v ap 0.84 2.26 2.69 2.2 5.9 2.7 

�H 0 v ap (T ) 0.80 2.11 2.63 2 5.7 2.8 

Enthalpy of formation �H 0 
f 

0.97 3.69 3.82 2.4 8.9 3.6 

Global average 0.82 1.79 2.19 2.1 5 2.4 

Na-CMC (b) 

Models and IGC methods K A K D K D /K A 10 4 . ω A 10 3 . ω D ω D / ω A 

Kiselev 0.03 1.28 44.35 0.15 1.78 117.11 

Spherical 0.06 0.82 14.91 0.98 1.14 11.69 

Geometric 0.06 0.25 4.41 1.55 0.15 0.97 

Van der Waals 0.06 0.63 11.51 1.29 0.91 7.06 

Redlich-Kwong 0.04 0.47 11.27 1.18 0.60 5.08 

Cylindrical 0.06 0.43 7.62 2.19 0.11 0.50 

Hamieh model 0.09 0.17 2.00 1.25 0.85 6.8 

Topological index 0.05 0.90 20.00 0.82 1.90 23.17 

Deformation polarizability 0.19 0.12 0.65 2.75 0.28 1.02 

Vapor pressure 0.03 0.50 16.50 0.61 0.75 12.25 

Boiling point BP 0.02 0.34 20.85 0.35 0.56 15.85 

�H 0 v ap 0.02 0.14 9.33 0.25 0.28 11.11 

�H 0 v ap (T ) 0.02 0.16 6.54 0.84 0.29 3.45 

Enthalpy of formation �H 0 
f 

0.01 0.34 29.97 0.22 2.57 116.68 

Global average 0.05 0.47 14.28 1.17 0.83 7.06 

N-MWCNT-Na-CMC (c) 

Models and IGC methods K A K D K D /K A 10 4 . ω A 10 3 . ω D ω D / ω A 

Kiselev 0.16 1.33 22.87 1.7 2.8 17.1 

Spherical 0.18 1.12 6.23 4.3 2.3 5.2 

Geometric 0.22 0.51 2.33 5.8 0.7 1.1 

Van der Waals 0.19 1.02 5.29 4.7 2.1 4.6 

Redlich-Kwong 0.19 0.88 4.54 4.6 1.7 3.7 

Cylindrical 0.23 0.58 2.47 7.4 0.4 0.6 

Hamieh model 0.27 0.57 2.10 8.3 1.2 1.5 

Topological index 0.18 1.14 6.33 3.8 2.7 6.9 

Deformation polarizability 0.31 0.55 1.76 6.6 1.3 1.9 

Vapor pressure 0.14 0.85 6.27 3.4 1.8 5.4 

Boiling point BP 0.11 0.82 7.21 2.7 1.8 6.9 

�H 0 v ap 0.09 0.57 6.20 2.2 1.3 5.8 

�H 0 v ap (T ) 0.14 0.60 4.25 4.1 1.3 3.1 

Enthalpy of formation �H 0 
f 

0.11 1.14 10.78 0.2 4.8 246.5 

Global average 0.17 0.83 4.81 4.3 1.9 4.4 
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han 7%): 

 ( N − MW CNT s − Na − CMC ) 

= 

√ 

X ( N − MW CNT s ) 
√ 

X ( BNa − CMC ) (23) 

X can be one of the following acid base parameters of the ma- 

erials: K A , K D , ω A and ω D . 

Eq. (23) also show the dependency of N-MWCNTs-Na-CMC 

olymer composite on its original components, such as Na-CMC 

nd N-MWCNTs. 

.2. UV-photo detectors 

Fig. 6 presents the typical current-time photoresponse proper- 

ies of the prepared samples under the UV light illumination with 
13 
 power density of 3.23 mW/cm 

2 under zero bias. It can be seen 

hat the pristine CNT PD showed almost negligible response to the 

V light as shown in the Fig. 6 (a). Whereas, the N-MWCNTs-Na- 

MC heterostructure ( Fig. 6 (b)) showed an obvious photocurrent 

esponse which was significantly increased and reached a maxi- 

um photocurrent value of ∼1.12 × 10 −7 to the incident UV light. 

he analyses results indicate stable and reproducible photo switch- 

ng response curves for the three consecutive cycles without any 

nterruption and decay in the response curves. Furthermore, we 

ave estimated the time-correlated photocurrent rising and falling 

imes of the N-MWCNTs-Na-CMC heterostructure PD. In which the 

ising/falling times “Tr/Tf” was defined as the maximum time taken 

o reach from 10% to 90% of its final value of photocurrent, and 

ime required to reach from 90% to 10 % of its baseline value, and 



B.P. Kumar, P.V. Rao, T. Hamieh et al. Journal of Chromatography A 1670 (2022) 462997 

t

h

p

t

b

f

s

s

M

t

t

e

a

l

p

j

m

C

g

a  

M

g

t

[

M

i

t

o

e

t

5

c

M

t

r

m

a

o

e

m

o

t

a

r

a

a

H

t

r

γ

γ

γ

a

M

t  

f

a  

ω  

m

t

(

h

a

t

t

a

c

v

w

t

c

e

E

p

D

c

i

C

v

P

i

a

V

t

W

A

t

b

S

f

R

 

 

he calculated response/recovery times of the N-MWCNTs-Na-CMC 

eterostructure PD was found as 0.8/0.6 s. Nevertheless, to ex- 

lore the excellent self-powered UV photodetection properties of 

he N-MWCNTs-Na-CMC heterostructure PD, we proposed a possi- 

le band alignment based on their valence band edges and works 

unctions respectively is depicted in the Fig. 6 (d). Upon the ab- 

orption of UV light, the N-MWCNTs-Na-CMC heterostructure PD 

timulates the generation of electron hole pairs especially in N- 

WCNTs-Na-CMC to produce bound excitons and can diffuse via 

he depletion region between the N-MWCNTs-Na-CMC heterostruc- 

ure [ 33 , 34 ]. 

It is to be noted that the N-MWCNTs can act as transparent 

lectrodes that helps to absorb more photons from the UV light 

nd transferred to the Na-CMC conducting polymer, which further 

eads to generate a large number of charge carriers. Thereby, the 

hoto-induced exciton was effectively separated at the interface 

unction and then dissociated into the free electrons and holes, 

oving in the opposite direction to each other towards the Na- 

MC and N-MWCNTs, resulting in the enhanced charge carrier’s 

eneration that contributes the significant photocurrent properties 

t zero bias [ 34 , 35 ]. The high photodetection performances of N-

WCNTs-Na-CMC heterostructure PD was attributed to the syner- 

etic coupling effect of the conductive CMC polymer layer to CNTs 

hat effective im proves the heterostructure electrical conductivity 

 16 , 36 ]. Moreover, the negligible photo response to the pristine N- 

WCNTs was ascribed to its low bandgap value which was fallen 

n the infrared range, so that the N-MWCNTs device was not able 

o respond to UV wavelengths. Thus, the photoresponse analyses 

f the PD suggesting that the developed N-MWCNTs-Na-CMC het- 

rostructure PD has a great potential and practical applicability for 

he UV light detection. 

. Conclusion 

Inverse gas chromatography method has been applied suc- 

essfully for the surface thermodynamic characterization of N- 

WCNTs, Na-CMC and N-MWCNTs-Na-CMC polymer composite in 

he temperature range 353.15 K–383.15 K. The determination of the 

etention time of the different solvents adsorbed on the various 

aterials led to the determination of the free energy of adsorption 

s a function of the temperature and therefore to the evaluation 

f the London dispersive surface energy, the specific free energy, 

nthalpy and entropy of adsorption by using 14 IGC methods and 

olecular models. We proved that the sum of the free energies 

f adsorption relative to Na-CMC and N- MWCNTs was equal to 

he free energy of adsorption of N-MWCNTs - Na-CMC. The Lewis 

cid base parameters were determined for the above three mate- 

ials. The dispersive component of the surface energy of materi- 

ls was obtained as a function of the temperature for all models 

nd methods. The more accurate results were obtained by using 

amieh model that took into account the effect of the tempera- 

ure on the surface area of the organic molecules. The following 

elations were obtained: 

d 
s ( T ) ( N − MW CNT s ) = −1 . 16 T + 4 81 . 6 8 

d 
s ( T ) ( Na − CMC ) = −0 . 44 T + 184 . 01 

d 
s ( T ) ( N − MW CNT s − CMC ) = −0 . 71 T + 294 . 95 

A basic character was proved for the three polymeric materi- 

ls. The highest Lewis acid base character was obtained for N- 

WCNTs. The application of Hamieh model led, for N-MWCNTs, 

o K A = 0.89, K D = 1.85, ω A = 2.1 × 10 −3 and ω D = 5 × 10 −3 ;

or N-MWCNTs-Na-CMC, K A = 0.27, K A = 0.57, ω A = 8.3 × 10 −4 

nd ω = 1.2 × 10 −3 ; and for Na-CMC, K = 0.09, K = 0.17,
D A D 

14 
 A = 1.25 × 10 −4 and ω D = 8.5 × 10 −4 . All used models and

ethods led to the following classification in decreasing order of 

he acid base constants of materials: 

 

N − MWCNTs ) > ( N − MWCNTs − Na − CMC ) > ( Na − CMC ) 

The results proved that the N-MWCNTs surface contains the 

ighest Lewis basic sites and can interact strongly with Lewis 

cidic media. Overall, IGC provides useful complementary informa- 

ion on the surface changes resulted from the chemical modifica- 

ions of the surface. The photo detector application study was also 

pplied for both N- MWCNTs and N-MWCNTs - Na-CMC polymer 

omposite, under the UV illumination (382 nm). The hybrid de- 

ice showed an enhanced photoresponse to the incident UV light 

ith short response/recovery and high response as compared to 

he pristine counterparts, which due to the improved electrical 

onductivity and excellent charge transfer between the hybrid het- 

rostructure. 
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