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a b s t r a c t 

In this study, the surface thermodynamic properties and more particularly, the dispersive component 

γ d 
s of the surface energy of crystals of a Zr-based MOF, UiO-66 (Zr 6 O 4 (OH) 4 (BDC) 6 ; BDC = benzene 1,4- 

dicarboxylic acid), the specific interactions, and their acid-base constants were determined by using dif- 

ferent molecular models and inverse gas chromatography methods. The determination of γ d 
s of the UiO- 

66 surface was obtained by using several models such as Dorris-Gray and those based on the Fowkes 

relation by applying the various molecular models giving the surface areas of n-alkanes and polar organic 

molecules. Six models were used: Kiselev, spherical, geometric, Van der Waals, Redlich-Kwong, and cylin- 

drical models. The obtained results were corrected by using our model taking into account the thermal 

effect on the surface areas of molecules. A linear equation was obtained between γ d 
s and the temperature. 

The specific free energy, enthalpy and entropy of adsorption of polar molecules, as well as the acid 

and base constants of UiO-66 particles were determined with an excellent precision. 

It was also proved that the UiO-66 surface exhibited an amphoteric acid-base character with stronger 

acidity. The linear variations of the specific free energy of interaction as a function of the temperature 

allowed to obtain the specific surface enthalpy and entropy of adsorption, as well as the acid and base 

constants of UiO-66 by using ten different models and methods. The best results were obtained by using 

our model that gave the more precise values of the acid constant K A = 0 . 57 , the base constant K D = 0 . 18 

of the MOF particles and the ratio K A /K D = 3.14 clearly proving a strong acid character of the UiO-66 

surface. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The study of surface energy is of significant importance in the 

ndustrial fields that encompass inter-particulate interactions such 

s catalytic processes, coating, wetting, dispersion of particles in 

iquid, powder handling, and many other applications [1] . 

The surface properties of a crystal are crucial to the understand- 

ng and design of materials for many applications. For instance, 
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echnologies such as fuel cells and industrial chemical manufac- 

uring require the use of catalysts to accelerate chemical reactions, 

hich is fundamentally a surface-driven process [1–9] . Surface ef- 

ects are especially important in nanomaterials, where relatively 

arge surface area to volume ratios lead to properties that dif- 

er significantly from the bulk material [10–14] . For example, the 

anoscale stability of metastable polymorphs is determined from 

he competition between surface and bulk energy of the nanopar- 

icle [15–18] . 

Surface energy is composed of two main components, namely 

he dispersive interactions, caused by long forces like van der 

aals forces, and the specific or polar interactions, caused by the 

cid-base interactions [19–39] . Inverse gas chromatography (IGC) 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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o

s usually used to measure the surface energy of solids where 

oth polar and non-polar solvents are passed through a column 

acked with the solid under study at very low concentrations [19] . 

GC technique was first used by Conder and Young in the 1970s 

20–21] and was more developed during the last forty years by 

haracterizing the physicochemical and specific properties of many 

olid materials [23–26] . The retention volume of a series of alka- 

es is determined to obtain the dispersive surface energy, while 

he specific free energies are obtained by determining the reten- 

ion volumes of polar solvents [19] . The net retention time t n is 

he key thermodynamic parameter determined by IGC allowing the 

ull scanning of the surface properties of solid surfaces. Given the 

act that a change in the surface energy can result in a change in

he bulk properties of the solid material, the understanding of the 

urface energy becomes essential especially for newly discovered 

orous materials with high potential of application in many fields. 

Recently, metal-organic frameworks (MOFs) have emerged as 

 new class of hybrid crystalline porous materials [ 2 , 3 ]. MOFs

re composed of two main building blocks, the metal cluster and 

he organic linker, which can be selected from a wide variety of 

hoices yielding a great flexibility in the design of the nanoporous 

nd crystalline structures of MOFs [4] . Since their discovery, MOFs 

ave been extensively employed in many applications due to their 

nteresting properties which include their very large surface area, 

ighly porous and crystalline structure, as well as their ease of de- 

ign [5–7] . These properties have made these new materials very 

nteresting in various applications such as gas storage [8] , gas sep- 

ration [9] , chemical detection [10] , water purification [11] , and 

atalysis. [12] Although MOFs proved to outperform other porous 

aterials, such as zeolites, in many applications, its main draw- 

ack in the pathway of industrial application was its chemical sta- 

ility. This is why a lot of research focused on synthesizing new 

tructures that exhibit high chemical stability and could be used 

n a wide variety of applications. Consequently, the discovery of 

he Zr-based secondary building unit, Zr 6 O 4 (OH) 4 (CO 2 ) 12 , found in 

iO-66 (Zr 6 O 4 (OH) 4 (BDC) 6 ; BDC = benzene-1,4-dicarboxylic acid, 

ig. 1 ), was considered as a breakthrough in MOF development 

s it demonstrated high chemical and thermal stability compared 

o other MOFs structures and opened doors to MOFs applica- 

ion in fields that were previously not possible [40] . Alongside 

he many variations of UiO-66 structures and characteristics that 

ould be obtained through the conventional materials engineer- 

ng methods such as functionalizing the organic linker and intro- 

ucing guest molecules into the porous network of the MOFs, Zr- 

OFs are known to be tunable through defects engineering [41] . 

iO-66 MOFs have shown the ability to retain their crystalline na- 

ure and structure integrity even in the presence of a high defect 

ensity, which are usually caused by a missing linker or a miss- 

ng cluster. The reason behind the interest in these defects is the 

act that they allow the creation of high surface area structures 

f more open active metal sites which increase their activity in 

ertain applications such as adsorption, separation and catalysis 

17] . This had led to the development of many synthesis proce- 

ures that cause the intentional introduction of defects in UiO-66 

tructures, to tune the properties of MOFs for a specific applica- 

ion. One of the most famous defect engineering methods is the 

odulation synthesis during which an acid is added to the syn- 

hesis mixture of the MOF and competes with the organic linker 

n the binding sites within the Zr cluster, favoring thus the cre- 

tion of defects ( Fig. 1 ) [42] . Despite the great potential of these Zr-

OFs in a significant number of applications, and despite the in- 

erest in understanding the changes in its characteristics following 

 change in its defect density, there have not been much research 

n MOF’s surface energy. Gutierrez et al. [43] studied the role of 

he structure of three isoreticular metal-organic frameworks (IR- 

OFs) on their adsorption behavior by using IGC technique to eval- 
2 
ate different thermodynamic parameters of adsorption of some 

rganic molecules on these materials. The dispersive component 

f the surface free energy of the adsorbent was determined with 

he help of n-alkanes and Dorris-Gray formula. The specific inter- 

ction parameters for the IRMOFs were also calculated [43] taking 

nto account their variations as a function of the projection of the 

olecule probe, the dipolar moment and the polarizability defor- 

ation some polar. The inverse chromatography method was also 

sed by Münch et al. [44] to quantify the systematic changes in the 

nteraction of a series of related unbranched aliphatic analytes (C2- 

10) with HKUST-1 ((Hong Kong University of Science and Tech- 

ology, CuBTC, MOF-199)). They determined the interfacial energy 

ontributions of the intrinsic surface of the porous material based 

n the method proposed by Dorris and Gray and the work of ad- 

esion by observing a very low dielectric constant of the used ma- 

erial. The acid base interactions of HKUST-1 were determined by 

ünch et al. [45] by considering the Fowkes method and suppos- 

ng the surface areas of organic molecules constant as well as the 

ispersive component of the surface tension of n-alkanes and polar 

olecules. 

The results obtained by Gutierrez et al. [43] and Münch et al. 

 44 , 45 ] cannot be considered as quantitative, because of the ex- 

reme dependency of the surface areas of methylene group, n- 

lkanes and polar molecules on the temperature as it was proved 

n previous studies [ 19 , 28 , 39 ]. 

Duerinck et al. [46] characterized the adsorption properties of 

iO-66 type MOFs by determining adsorption parameters of or- 

anic molecules (alkanes, alkenes, and aromatics of the linear, 

ranched, and cyclic types) on four different UiO-66 materials 

UiO-6 6, UiO-6 6-Me, UiO-6 6-Me2, UiO-6 6-NO2) using pulse gas 

hromatography in the temperature range 433 −573 K. The adsorp- 

ion enthalpy, Henry constants, and entropic factors were deter- 

ined by proving the effect of methyl and nitro groups on the 

electivity of UiO-66. However, the dispersive energy, specific in- 

eractions acid base surface properties of these materials were not 

tudied. The investigation of the physicochemical properties such 

s the thermodynamic surface parameters and the Lewis acid and 

ase constants is very important in the pathway of understanding 

hese novel structures properties in order to fully explore their po- 

ential. 

In this paper, UiO-66 was synthesized using modulation syn- 

hesis to induce the formation of defects, and was then fully char- 

cterized using Powder X-ray Diffraction (PXRD), Thermogravimet- 

ic Analysis (TGA), Brunauer-Emmett-Teller (BET) surface area anal- 

sis, and Scanning Electron Microscopy (SEM). The fully charac- 

erized MOFs particles were then employed as a stationary phase 

or the inverse gas chromatographic separation of various analytes 

e.g. benzene, toluene, acetonitrile, chloroform, dichloromethane 

nd ether) of different modes of interaction with the MOF parti- 

les. By using IGC methods, it was possible to determine the sur- 

ace thermodynamic properties of the MOFs, especially, the disper- 

ive and non-dispersive thermodynamic surface parameters and to 

uantify the Lewis acid and base constants of UiO-66. IGC at in- 

nite dilution was used to quantify the surface properties of ad- 

orption of polar and non-polar molecules on UiO-66 structures 

nd the effect of defects density on its surface properties, by tak- 

ng into account the effect of the temperature on the surface areas 

f n-alkanes and polar molecules and on the surface properties of 

iO-66. 

. Methodology 

.1. Materials 

In this study, the chemicals purchased were used directly with- 

ut further purification. Zirconium chloride (ZrCl , 98%), tereph- 
4 
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Fig. 1. Crystal structure of UiO-66 and its defected form (a), PXRD patterns of the synthesized UiO-66 and the simulated UiO-66 (b) and SEM images of UiO-66 synthesized 

in this study (c). 
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3  
halic acid (C 6 H 4 (CO 2 H) 2 , 99%), formic acid (CH 2 O 2 , 99%) and

cetic acid (C 2 H 4 O 2 , 99%) were obtained from Acros Organics. The 

-alkanes (pentane, hexane, heptane, and octane), and the polar 

olvents (N, N-dimethylformamide, DMF, dichloromethane, DCM, 

hloroform, benzene, toluene, ether, acetonitrile and tetrahydrofu- 

an, THF) at highly pure grade (99%) were purchased from Fisher 

cientific. 

.2. General synthesis procedure of the UiO-66-based MOFs 

With some modifications, UiO-66 was synthesized under con- 

itions similar to those reported in the literature [ 39 , 40 ]. In this

tudy, the metal source used was ZrCl 4 and the organic linker was 

erephthalic acid. Briefly, in a 500 ml autoclavable reagent bot- 

le, 795 mg of ZrCl 4 (3.4 mmol) and 566 mg of terephthalic acid 

3.4 mmol) were dissolved with 250 ml of DMF by sonication at 

oom temperature after the addition of 15 ml of acetic acid to the 

ixture. The obtained mixture was placed in a preheated oven 

t 120 °C for 21 h. After 21 h, the bottle was removed from the

ven and was left to cool to room temperature. The content of 

he bottle was then transferred to a falcon tube and the white 

recipitate obtained was collected by centrifugation. The obtained 

OF was washed with two solvents: first, four times with approx- 

mately 60 ml DMF, and then four times with approximately 60 ml 

CM. For each solvent, during the first three washes, the MOF 

ere allowed to settle in each wash for 3 h, but in the last wash,

he MOFs were soaked in the fresh solvent overnight. Then, UiO- 

6 was dried in a vacuum oven at 150 °C overnight for thermal 

ctivation. 
3 
.3. Structural characterization of UiO-66-based MOFs 

The synthesized UiO-66 was fully characterized using powder 

- ray diffraction (PXRD), scanning electron microscopy (SEM), N 2 

orption measurements and thermogravimetric analysis (TGA). For 

he PXRD analysis, the patterns were recorded with an advanced 

ruker D8 X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Ger- 

any, operating at 40 kV and current 40 mA, range 2 θ : 5 – 50 °,
ncrement: 0.01 °) using Cu K α radiation ( λ = 1.5418 ̇A). Approxi- 

ately 60 mg of activated UiO-66 was placed in a glass sample 

older with a circular cavity in the middle to place the sample 

n. A spatula was used to spread and flatten the sample. Then, for 

easurement, the sample was fixed in place. 

For SEM imaging, an aluminum SEM sample stub was covered 

ith a conductive carbon tape and a very small amount of the re- 

uired MOF sample was spread on it. Then, the sample was coated 

ith a very thin layer of gold (almost 20 nm) before being placed 

n the MIRA3 Tescan electron microscope for imaging. 

Prior to N 2 sorption measurements, vacuum degassing was first 

arried out at 150 °C for 7 h. Then, a second degassing under a 

ow of nitrogen was conducted at 150 °C overnight in a BET cell. 

he cell was then placed in the measurement unit of the Micro- 

etrics Gemini VII 2390p surface area analyzer. The N 2 sorption 

as performed at 77 K. 

For the TGA analysis, a microbalance was used to weigh about 

 mg of the UiO-66 tested which was placed in a platinum cru- 

ible. Then, the crucible was inserted in the autosampler of the 

etzsch TG 209 F1 Libra TGA apparatus. The thermal stability of 

he sample was evaluated under air flow from a temperature of 

0 °C up to 10 0 0 °C at a heating rate of 10 K/min. TGA curve was
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ormalized to 100% for its final weight loss and it was used to cal- 

ulate the defect number following a well-established method in 

he literature [ 47 , 48 ]. 

.4. Methods of inverse gas chromatography 

.4.1. Retention volume, dispersive and non-dispersive parameters of 

dsorption 

The value of the net retention volume Vn [29–31] of the ad- 

orption of organic solvents on a solid substrate (with a mass m 

nd a specific surface s) contained in the chromatographic column 

as obtained during the experiments. The net retention volume Vn 

as calculated from Eq. (1) : 

n = jDc ( tR − t0 ) (1) 

y using the experimental values of the retention time t R of the 

robe, the zero retention reference time t 0 measured with a non- 

dsorbing probe such as methane, the corrected flow rate D c and 

he correction factor j taking into account the compression of the 

as [20] . D c and j are respectively given by Eqs. (2) and (3) : 

 c = D m 

T c 

T a 

η( T c ) 

η( T a ) 
(2) 

j = 

3 

2 

(
�P + P 0 

P 0 

)2 − 1 (
�P + P 0 

P 0 

)3 − 1 

(3) 

here D m 

is the measured flow rate, T c the column temperature, 

 a the room temperature, h(T) the gas viscosity at temperature T, 

 0 the atmospheric pressure and �P the pressure variation. 

On Tables SI1 to SI11, we gave the experimental values of the 

et retention time, atmospheric pressure, room temperature and 

heir uncertainties relative to n-alkanes and polar solvents ad- 

orbed on UiO-66 surface for different temperatures (from 220 °C 

o 270 °C). 

The thermodynamic calculations led to the standard free energy 

G 

0 
i 

of adsorption of the probe ( Eq. (3) ): 

G 

0 = −RTln V n + C ( T ) (3) 

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

(T) a constant depending on the reference state of adsorption 

22] given by the following relation: 

 ( T ) = RTln 

(
P 0 

sm π0 

)

wo reference states were used to determine the standard free 

nthalpy of adsorption. Considering T 0 = 0 ◦C and P 0 = 1 . 013 ×
0 5 Pa , Kemball and Rideal reference state [49] supposed π0 = 

 . 08 × 10 −5 N m 

−1 , whereas, De Boer et al. reference state 

50] proposed π0 = 3 . 38 × 10 −5 N m 

−1 . 

From the retention time value, the free enthalpy of adsorption 

 −�G 

0 ) of the probe can be obtained, which is equal to the sum 

f its dispersive ( −�G 

d ) and specific ( −�G 

sp ) , or non-dispersive, 

ontributions ( Eq. (4) ): 

G 

0 = �G 

d + �G 

sp = −RT ln V n + C ( T ) (4) 

any methods proposing the determination of the specific free en- 

rgy of adsorption of polar solvents were used in literature [23–

0] . They can also be used to evaluate the polar or acid-base in-

eractions of adsorbed molecules on the solid substrates and, then, 

eparate the dispersive (or London) and polar (or specific) contri- 

utions. Three important IGC methods are selected, and they are 

resented in the next sections. 
4 
.4.2. Vapor pressure method 

One of the most famous IGC methods was proposed by Saint- 

lour and Papirer [ 25 , 26 ]. They represented the variations of RTl- 

Vn as a function of the logarithm of the vapor pressure of probes 

dsorbed on the solid surface, RTlnVn = f ( logP 0 ). They obtained 

or a homologous series of n-alkanes, a straight line, named alkane 

traight line with Eq. (5) : 

T ln V n ( n − alkane ) = m log P 0 ( n − alkane ) + n (5) 

here m and n are constants depending of the solid surface na- 

ure. 

The specific free energy of adsorption ( −�G 

sp ) of a polar 

olecule is given by ( Eq. (6) ): 

 

−�G 

sp ) ( polarmolecule ) = RT l nV n ( pol armol ecul e ) 

− mlogP 0 ( polarmolecule ) − n (6) 

he specific enthalpy ( −�H 

sp ) and entropy ( −�S sp ) of polar sol- 

ents were obtained from the variations of ( −�G 

sp ) of polar 

olecule as a function of the temperature. The acid and base con- 

tants of the solid in Lewis terms are obtained from the values of 

 −�H 

sp ) . 

.4.3. Method of deformation polarizability 

Donnet et al. [30] used the deformation polarizability α0 of or- 

anic solvents as a thermodynamic parameter in order to separate 

he London dispersive forces and specific interactions between the 

olid and the polar solvent. They used the representation of RT lnV n 

ersus ( h νL ) 
1 / 2 α0 , l of the liquid solvent, where νL is the elec- 

ronic frequency of the probe and h the Planck’s constant. They 

roposed the following relation [31] : 

T lnV n = K ( h νs ) 
1 / 2 α0 ,s 

[
( h νL ) 

1 / 2 α0 , l 

]
+ Cst (7) 

here νs is the electronic frequency of the solid, α0 , s is its po- 

arizability, and K is a constant depending on the permittivity of 

he vacuum and the distance between the adsorbed probe and 

he solid surface. The straight line obtained by the representation 

f RT lnV n = f [ ( h νl ) 
1 / 2 α0 , L ] for n-alkanes allowed to deduce the 

pecific free enthalpy of adsorption ( −�G 

sp ) of a polar molecule 

n the solid and therefore ( −�H 

sp ) and ( −�S sp ) . 

.4.4. Method of topological index 

Brendlé and Papirer [32] used the topological index χT of 

olecules and represented the function RT lnV n = f ( χT ) of n- 

lkanes, polar molecules, branched alkanes, and cycloalkanes. This 

ethod also allowed the determination of the specific interactions 

nd the acid and base constants of solid surfaces. 

The three previous methods led to the determination of the 

pecific free energy ( −�G 

sp )(T ) of the polar molecules and there- 

ore to the specific enthalpy ( −�H 

sp ) and entropy ( −�S sp ) of ad- 

orption through Eq. (8) : 

 

−�G 

sp ) ( T ) = ( −�H ) − T ( −�S sp ) (8) 

n the case where �H 

sp 
a and �S 

sp 
a do not depend on the tempera- 

ure. If they do, the variations of such thermodynamic parameters 

s a function of temperature should be taken into account. 

.4.5. Method of the dispersive component of the surface energy 

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

nergy of a solid used Fowkes relation [35] : 

−�G 

0 
)

= 2 N a 
(
γ d 

l γ
d 

s 

)1 / 2 + Cs t (9) 

here 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 [36] . 



T. Hamieh, Ali-Ahmad, A. Jrad et al. Journal of Chromatography A 1666 (2022) 462849 

f

t

s

t

t

e

f

w

t

l

t

s

t

γ

W

m

V

s

e

γ

T

v

p

[  

e

o

t

m

p

D

2

s

b(
w

t

s

2

c

d

d

(

a

w

t

p

p

r

t

w

1

b

2

o

s  

s

a

°

t  

m

s

t

b

3

3

t

p

o

i

t

g  

r

g

g

c

i

U

w

d

a

a  

c

b

f

t

p

t

o

l

p

d  

f

s

s

s

p

t

T

6

0

r

3

3

d

The Fowkes relation for non-specific interactions is only valid 

or lower dielectric constant of the studied solid surface [44] . In 

his paper, the used UiO-66 material exhibited a dielectric con- 

tant equal to 1.95 [50–53] and this justified the applicability of 

he Fowkes approach. 

This method could determine, a priori, both the specific free en- 

halpy of adsorption and the dispersive component of the surface 

nergy of the solid particles. 

However, this method cannot be used due to the important ef- 

ect of the temperature on the surface area that cannot be known 

ith accuracy. On the other hand, for higher temperature (greater 

han 450 K), the value of γ d 
l 

cannot be determined. These reasons 

ead to inaccurate estimation of the values of γ d 
s of the solid and 

he specific free enthalpy of adsorption of polar molecules on the 

olid substrates [ 28 , 38 , 39 , 54 ]. 

Dorris and Gray [36] proposed relation (10) derived from rela- 

ion (9): 

d 
s = 

[ 
RT ln 

[ 
V n ( C n +1 H 2 ( n +2 ) ) 
V n ( C n H 2 ( n +1 ) ) 

] ] 2 
4 N 

2 a 2 −CH2 − γ−CH2 −
(10) 

here C n H 2( n +1 ) and C n H 2( n +1 ) represent the general for- 

ula of two consecutive n-alkanes; while V n ( C n H 2( n +1 ) ) and 

 n ( C n +1 H 2( n +2 ) ) indicate their retention volumes. Supposing the 

urface area of methylene group a -CH2- equal to 6 Å 

2 , the surface 

nergy of −CH2 − group γ−CH2 − is given by the relation (11): 

−CH 2 − = 52 . 603 − 0 . 058 T ( T in K;γ−CH 2 −in mJ /m 2 ) (11) 

he same difficulty remains present with Dorris-Gray method. The 

alue 6 Å 

2 for the surface area of methylene group a -CH2- is sup- 

osed constant for all the temperatures. In fact, Hamieh et al. 

 19 , 28 , 38 , 39 , 54 ] proved that the surface area of organic molecules

xtremely depends on the temperature by studying the adsorption 

f n-alkanes and polar solvents on polyethylene (PE) and polyte- 

rafluoroethylene (PTFE) surfaces. Therefore, the effect of the ther- 

al energy on the methylene group surface area and on the dis- 

ersive surface energy must be taken into account when using the 

orris-Gray expression. 

.4.6. Determination of the acid and base constants of a solid 

ubstrate 

The acid K A and base K D constants of a solid can be determined 

y the means of the following equation [ 25 , 26 , 33 , 34 ]: 

−�H 

Sp 
)

= K A DN + K D AN (12) 

here DN and AN are the donor and acceptor numbers of elec- 

rons of the various probes. 

The curve of −�H Sp 

AN 
versus DN 

AN 
gives in general a straight line of 

lope K A and intercept K D . 

.4.7. Inverse gas chromatograph conditions 

The IGC measurements were performed on a DELSI GC 121 FB 

hromatograph equipped with a flame ionization detector by using 

ried nitrogen as a carrier gas. The column was filled by 207 mg of 

ried UiO-66 powder. The packed column was then preconditioned 

at 280 °C and under a nitrogen flow rate) overnight to remove 

ny residual solvent left in the packing material. The gas flow rate 

as optimized at 20 mL/min. The temperatures of injector and de- 

ector were fixed at 200 °C. To satisfy the infinite dilution, each 

robe was injected with 1 μL Hamilton syringes. The column tem- 

eratures were 220 to 270 °C, varied in 5 °C steps. The first order 

etention time was determined for all measurements. Every injec- 

ion was repeated three times, and the average retention time, t R , 

as used for the calculation. The standard deviation was less than 

% in all measurements. The net retention volume was calculated 

y using the classical thermodynamic relations. 
5 
.4.8. The specific free enthalpy of adsorption 

The standard free enthalpy of adsorption ( −�G 

0 ) of the probes 

n UiO-66 surface was determined by using the two reference 

tates of Kemball and Rideal [49] and De Boer et al. [50] and the

pecific parameters were obtained by using the various molecular 

nd thermal models by varying the temperature from 220 to 270 

C. 

From the retention time values, the free enthalpy of adsorp- 

ion ( −�G 

0 ) of the probe can be obtained. In the case of polar

olecules, the specific free enthalpy ( −�G 

sp ) of the adsorption of 

uch molecules on the solid substrate can be easily calculated from 

he straight line of n-alkanes by subtracting the dispersive contri- 

ution from the total free enthalpy. 

. Results and discussion 

.1. Structural characterization of UiO-66 particles 

The PXRD pattern of the synthesized UiO-66 was recorded and 

he results are shown in Fig. 1 which reveals narrow and sharp 

eaks that are in complete agreement with the calculated pattern 

f UiO-66. 

Furthermore, no additional peaks were observed, as evidenced 

n the indexed peaks of the as synthesized sample, which reflects 

he high crystallinity and phase purity of this MOF. 

The morphology and the size of the UiO-66 crystals are investi- 

ated using SEM and the results are displayed in Fig. 1 . The images

eveal that UiO-66 sample is pure and the crystals exhibit homo- 

eneous truncated octahedral shape. 

The thermal stability of UiO-66 is examined using the thermo- 

ravimetric analysis (TGA) where the mass of a UiO-66 sample is 

ontinuously monitored in an oven with an increasing temperature 

n the presence of air. In order to estimate the defect number in 

iO-66 structure, TGA curve was normalized to 100% for the final 

eight loss. This method is well-established in the literature for 

efects number calculation. The TGA curve is presented in Fig. 2 a 

nd it shows the evolution of the mass of sample with a temper- 

ture starting from 30 °C to 10 0 0 °C. Three phases of weight loss

ould be distinguished. The first weight loss occurs approximately 

etween 35 °C and 100 °C, where the water adsorbed on the sur- 

ace of the MOF is volatilized. The second weight loss corresponds 

o the vaporization of unreacted species and remaining DMF in the 

ores between 100 °C and 300 °C. The third major weight loss in 

he TGA curve is attributed to the destruction of the framework 

f the MOF by the combustion of the organic linker. The weight 

oss attributed to the linker is the one that occurs above the tem- 

erature T link , of 400 °C. The TGA curve allows us to calculate the 

efect number based on the published method [ 7 , 47 ], and it was

ound to be 1.2, which is in agreement with the modulated synthe- 

is method employed in the production of UiO-66 crystals in this 

tudy. 

The nitrogen sorption isotherm of the synthesized MOF is 

hown in Fig. 2 b. 

The isotherm is of type I which is consistent with the micro- 

orous nature of MOFs and depicting a monolayer adsorption on 

heir surface. The textural properties such as Brunauer–Emmett–

eller (BET) surface areas and pore volume of the synthesized UiO- 

6 are calculated from the nitrogen isotherm to be 988 m 

2 /g and 

.512 cm 

3 /g respectively. These numbers are in the same values 

ange of the reported ones in the literature [ 7 , 40 , 47 , 48 ]. 

.2. Surface properties of UiO-66 surface by IGC 

.2.1. The dispersive component of the surface energy 

The dispersive component of the surface energy of UiO-66 was 

etermined by using Dorris-Gray method, Fowkes relation, and the 
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Fig. 2. Normalized TGA curve of UiO-66 crystals under air atmosphere (a), Nitrogen adsorption and desorption isotherms of the UiO-66 at 77 K (b). 

Fig. 3. Variations of the dispersive component of the surface energy γ d 
s ( mJ/ m 

2 ) of 

UiO-66 as a function of the temperature T (K) using different methods and models. 
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γ ( T ) = −0 . 4 4 4 T + 190 . 86 (15) 
ethods proposed by Hamieh et al. [ 19 , 28 , 38 , 39 ] taking into ac-

ount the molecular models of n-alkanes and polar molecules as 

ell as the variations of the surface area as a function of the tem- 

erature. 

The dispersive component γ d 
s (T ) of the surface energy of UiO- 

6 at fixed temperature was calculated by using 9 molecular and 

hermal models. 

Fig. 3 shows the variations of γ d 
s (T ) of UiO-66 surface against 

he temperature by using the above mentioned methods. It is 

lear in Fig. 3 that the slopes of all models are negative prov- 

ng the decrease of γ d 
s (T ) of UiO-66 surface when the temper- 

ture increases. Additionally, the straight lines of the spherical 

nd Dorris-Gray-Hamieh models are significantly above the other 

urves showing that there is a divergence between the γ d 
s (T ) 

alues obtained by the various models. The effect of the change 

n temperature on the surface area of the probes indeed affected 

he values of the dispersive energy of materials. The conventional 

odel proposed by Kiselev which is largely used in literature, re- 

ulted in inaccurate values since, upon the change in the molecular 

odel used, different γ d 
s (T ) values were obtained. Moreover, the 

hermal model proposed by Hamieh [39] resulted in more accurate 

stimation. As previously mentioned, Hamieh et al. [ 19 , 38 , 39 , 54 ]

roved the dependency of the molecular surface areas of organic 

olecules on the dispersive component of the surface energy and 

ave the various expressions of the surface areas, a n (T) of n- 
6 
lkanes as a function of the temperature T. The general form was 

iven by: 

 n ( T ) = λn T + βn (13) 

here λn is the dilatation rate and βn the surface area of n-alkanes 

t 0 K. 

These findings implied the use of the new values of the surface 

rea of the probes depending on the temperature to determine the 

ccurate values of γ d 
s (T ) . 

The variations of γ d 
s (T ) are linear for all molecular models 

 Table 1 ). A general equation was obtained with an excellent lin- 

ar regression coefficient: 

d 
s ( T ) = aT + b (14) 

here a = 

dγ d 
s 

dT 
and b = γ d 

s ( T = 0 K ) that can be experimentally ob- 

ained. 

Table 1 showed that there is an important difference between 

he values of 
dγ d 

s 
dT 

and γ d 
s ( 0 K ) obtained by the different models. 

In Fig. 4 a, we plotted the values of 
dγ d 

s 
dT 

and γ d 
s ( 0 K ) for the

ifferent used models. The highest values of γ d 
s ( 0K ) and 

dγ d 
s 

dT 
(in 

bsolute value) are obtained successively for models taking into 

ccount the thermal effect such as Redlich-Kwong model and our 

odels. The deviation of the spherical model is certainly due to 

he fact of the overestimation of the surface area of the molecules. 

In order to show the difference between the different models 

sed in a clearer way, the values of the dispersive component of 

he surface energy of UiO-66 were depicted in Fig. 4 b at five tem- 

eratures using the various models taking into account the effect 

f the temperature on the surface area of the solvent molecules. 

It could be seen when observing Figs. 3-4 and Table 1 that 

he used models could be classified into two categories. The first 

roup comprises the conventional molecular models such as ge- 

metric, Dorris-Gray, cylindrical, VDW, Kiselev models, which un- 

erestimate the values of the surface areas of organic molecules, 

n addition to the spherical model, which gives an overestimation 

f these surface areas. The second group is composed of Redlich- 

wong model, Dorris-Gray relation and our approach which take 

nto account the effect of the thermal agitation on the surface ar- 

as of molecules a (T). The best results were obtained when using 

ur model [39] that determined the different relations of the sur- 

ace areas a (T) as a function of the temperature and therefore ob- 

ained the variations of the dispersive surface energy as a function 

f the temperature. The accurate expression of γ d 
s (T ) of UiO-66 

urface given by Hamieh is the following ( Eqn. (15) ): 

d 

s 



T. Hamieh, Ali-Ahmad, A. Jrad et al. Journal of Chromatography A 1666 (2022) 462849 

Table 1 

Equations γ d 
s (T ) of UiO-66 surface for various molecular models of n-alkanes, the dispersive surface entropy ε d s , the extrapolated values 

γ d 
s ( T = 0 K ) and the regression coefficient R 2 obtained by using the different molecular models. 

Molecular model γ d 
s (T ) (in mJ/m 

2 ) 
dγ d 

s 

dT 
(in mJ m 

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

2 ) Regression coefficient 

Geometric γ d 
s (T) = −0.098 T + 56.71 −0.098 56.71 0.9980 

Dorris-Gray γ d 
s (T) = −0.139 T + 86.68 −0.139 86.68 1.0000 

Cylindrical γ d 
s (T) = −0.163 T + 84.63 −0.163 84.63 0.9990 

VDW γ d 
s (T)= −0.175 T + 87.15 −0.175 87.15 0.9996 

Kiselev γ d 
s (T)= −0.180 T + 89.97 −0.180 89.97 0.9995 

Redlich-Kwong γ d 
s (T)= −0.286 T + 142.14 −0.286 142.14 0.9996 

Hamieh model γ d 
s (T) = −0.444x + 190.86 −0.444 190.86 0.9932 

Dorris-Gray-Hamieh γ d 
s (T) = −0.502 T + 235.74 −0.502 235.74 0.9982 

Spherical γ d 
s (T)= −0.6014T + 279.23 −0.601 279.23 1.0000 

Fig. 4. Values of γ d 
s ( 0 K ) and 

dγ d 
s 

dT 
of UiO-66 (a), and values of the dispersive com- 

ponent of the surface energy γ d 
s ( mJ/ m 

2 ) of UiO-66 at five temperatures (b), using 

the various models. 

3

c

t

e

Fig. 5. Variations of lnV n as a function of 10 0 0/T of different or ganic molecules 

adsorbed by UiO-66. 

s

�

�

F

(

f

l

w

�

B

t

c

s

l

�  

O

f  

c

i

t(
.2.2. Thermodynamic measurements of differential heat and entropy 

hange of adsorption 

The experimental determination by IGC technique of the re- 

ention volume of the probes adsorbed on UiO-66 is employed to 

valuate the differential heat �H 

0 
a and the entropy change of ad- 
7 
orption �S 0 a of the probe. The Eqs. (16) and (17) were used: 

H 

0 
a = −R 

∂ ( ln V n ) 

∂ 
(

1 
T 

) (16) 

S 0 a = −
(

∂ ( RT lnV ) 

∂T 

)
(17) 

ig. 5 shows the obtained straight lines of ln V n as a function of 

1/T) for the various organic molecules adsorbed on the solid sur- 

ace. 

The different straight lines can be represented by the Eq. (18) : 

n V n = α
(

1 

T 

)
+ β (18) 

here α and β are constants depending on the probe nature. 

�H 

0 
a and �S 0 a can be estimated using Eq. (19) : 

H 

0 
a = −Rα;�S 0 a = −Rβ (19) 

y using relations (10)-(13) and the data from Fig. 6 , the values of 

he differential heat and the standard entropy change of adsorption 

an be obtained. The results are given in Table 2 . 

The differential heat and the standard entropy change of ad- 

orption of n-alkanes seemed to be correlated with an excellent 

inear relation represented as follows ( eqn. (20) ): 

H 

0 
a ( kJ/mol ) = 702 . 1 , �S 0 a ( kJ/mol ) + 7 . 142 ; R 

2 = 0 . 9994 (20)

n the other hand, the values of ( −�H 

0 
a ) of n-alkanes increase 

rom 56.560 to 70.981 kJ/mol and that of ( −�S 0 a ) of the probe in-

rease from 90.6 to 111.1 J/mol when the carbon atom number n C 
ncreases. Linear relations (21) and (22) were obtained as a func- 

ion of n C for n-alkanes: 

−�H 

0 
a 

)
( kJ/mol ) = 4 . 719 n C + 32 . 396 (21) 
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Table 2 

Values of �H 

0 
a ( kJ / mol ) , �S 0 a ( J K 

−1 mo l −1 ) and the expressions of �G 0 a (T) ( kJ / mol ) of dif- 

ferent polar and n-alkane molecules adsorbed on UiO-66 surface. 

Molecules �H 

0 
a ( kJ / mol ) �S 0 a ( J K 

−1 mo l −1 ) �G 0 a (T) ( kJ / mol ) 

Pentane −56.560 −90.6 −56.559 + 9.1 × 10 −2 T 

Hexane −60.403 −96.2 −60.403 + 9.6 × 10 −2 T 

Heptane −64.325 −102.1 −64.325 + 10.2 × 10 −2 T 

Octane −70.981 −111.1 −70.981 + 11 × 10 −2 T 

Dichloromethane −62.793 −85.7 −62.793 + 8.6 × 10 −2 T 

Chloroform −59.069 −85.8 −59.069 + 8.6 × 10 −2 T 

THF −68.484 −129.1 −68.484 + 12.9 × 10 −2 T 

Ether −59.835 −125.9 −59.835 + 12.6 × 10 −2 T 

Acetonitrile −85.451 −142.5 −85.451 + 14.3 × 10 −2 T 

Toluene −70.801 −78.5 −70.801 + 7.9 × 10 −2 T 

Benzene −67.832 −105.3 −67.832 + 10.5 × 10 −2 T 

Fig. 6. Evolution of the differential enthalpy of adsorption as a function of the car- 

bon atom number of n-alkanes and polar molecules ( �H 0 a = f ( n C ) ). 

(
T

a

U

t

C

T

s

6

t

f

n

F  

T

c

(

d

T

T

t

t

Table 3 

Values of polar ( �H 

pol . 
a ) and non-polar ( �H 

non −pol . 
a ) enthalpies of different 

probes adsorbed on UiO-66 particle surface. 

Probes �H 

pol . 
a ( kJ / mol ) �H 

non −pol . 
a ( kJ / mol ) �H 

0 
a ( kJ / mol ) 

Pentane 0 −56.560 −56.560 

Hexane 0 −60.403 −60.403 

Heptane 0 −64.325 −64.325 

Octane 0 −70.981 −70.981 

Dichloromethane −25.678 −37.115 −62.793 

Chloroform −21.954 −37.115 −59.069 

Tetrahydrofuran −17.213 −51.271 −68.484 

Ether −8.564 −51.271 −59.835 

Acetonitrile −43.618 −41.833 −85.451 

Toluene −5.374 −65.427 −70.801 

Benzene −7.124 −60.708 −67.832 

Fig. 7. Variations of the differential enthalpy of different or ganic molecules ad- 

sorbed by UiO-66 as a function of their relative polarity. 

p

(
 

T

t

t

6

p

c

−�S 0 a 

)(
J K 

−1 mo l −1 
)

= 6 . 72 n C + 56 . 29 (22) 

his increase is due to the increase in the boiling points of n- 

lkanes and to the stronger interaction between the solute and 

iO-66 surface. 

For the polar molecules, we can classify the differential en- 

halpy by increasing order: 

hlorof orm ≈ Dichloromethane < Benzene < T oluene < Ether 

< Acetonitrile < T etrahydrof uran 

he above order strongly depends on the interaction force of ad- 

orption and affinity of polar probes on the solid surface of UiO- 

6. It is necessary to separate the two polar and non-polar con- 

ributions of the enthalpy of adsorption. The variations of the dif- 

erential enthalpy of adsorption as a function of the carbon atom 

umber of the organic molecules are plotted in When considering 

ig. 6 , the Eqs. (14) and (15) , and the values of polar probes from

able 2 , the polar and non-polar contributions of every molecule 

ould be calculated, and the results are shown in Table 3 . 

The values of polar contributions of the enthalpy of adsorption 

 −�H 

pol. 
a ) can be classified for the polar probes in increasing or- 

er: 

 oluene < Benzene < Ether < T etrahydrof uran < Chlorof orm 

< Dichloromethane < Acetonitrile 

his classification is perfectly in line with the order obtained with 

he relative polarity (R.P.) of the above polar molecules. We ob- 

ained a perfect linear correlation between ( −�H 

pol. 
a ) and R.P. of 
8 
olar probes ( Fig. 7 ). The linear relationship can be described as: 

−�H 

pol. 
a 

)
( kJ/mol ) = 102 . 33 × R.P. − 4 . 329 , R 

2 = 0 . 9958 (23)

herefore, the value of the polar differential enthalpy of adsorp- 

ion depends not only on the solid material nature but also on 

he affinity and polarity of the polar molecules adsorbed by UiO- 

6 crystals. The values of the specific enthalpy of adsorption also 

roved that the used MOF, UiO-66, has an amphoteric acid-base 

haracter with an acid predominance. 
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Table 4 

Linear expressions of the specific free enthalpy ( �G sp 
a (T) ) = y of adsorption of CH 2 Cl 2 , chloroform, diethyl ether and THF on UiO-66 catalyst as 

a function of the temperature T by using the various models. 

Model or method CH 2 Cl 2 Chloroform Diethyl ether THF 

Vapor pressure y = −0.0081T + 7.317 y = −0.0094T + 5.893 y = −0.0323T + 28.191 y = −0.0365T + 21.262 

Deformation polarizability y = −0.0021T + 5.539 y = −0.0011T + 7.727 y = −0.0608T + 45.741 y = −0.0409T + 24.018 

Topological index y = −0.0119T + 16.072 y = −0.0079T + 13.155 y = −0.0399T + 33.863 y = −0.0376T + 21.753 

Kiselev y = −0.0230T + 18.395 y = −0.0226T + 17.889 y = −0.0328T + 27.537 y = −0.0643T + 57.46 

Spherical y = −0.0106T + 11.698 y = −0.0090T + 9.831 y = −0.0498T + 35.462 y = −0.0498T + 35.462 

Geometric y = −0.0121T + 13.331 y = 0.01850T + 2.736 y = −0.0352T + 29.071 y = −0.0630T + 39.241 

VDW y = −0.0072T + 10.158 y = −0.0636T + 30.327 y = −0.0374T + 22.105 y = −0.0475T + 34.814 

Redlich-Kwong y = −0.0069T + 10.084 y = −0.0633T + 30.24 y = −0.0373T + 22.101 y = −0.0893T + 44.450 

Cylindrical y = −0.0142T + 14.708 y = −0.0331T + 21.07 y = −0.0297T + 18.580 y = −0.0753T + 54.630 

Hamieh model y = −0.008 T + 7.0503 y = −0.004 T + 5.8718 y = −0.0471 T + 47.263 y = −0.0448 T + 48.334 

Table 5 

Linear expressions of the specific free enthalpy ( �G sp 
a (T) ) = y of adsorption of acetonitrile, toluene and benzene 

on UiO-66 catalyst as a function of the temperature T by using the various models. 

Model or method Acetonitrile Toluene Benzene 

Vapor pressure y = −0.0424 T + 22.724 y = −0.005 T + 3.609 y = −0.0003 T + 3.174 

Deformation polarizability y = −0.0849 T + 49.862 y = −0.0056 T + 6.200 y = −0.0042 T + 2.395 

Topological index y = −0.0684 T + 40.644 y = −0.0021 T + 6.600 y = −0.0012 T + 2.395 

Kiselev y = −0.0303 T + 14.866 y = −0.0200 T + 9.905 y = −0.0021 T + 3.500 

Spherical y = −0.0932 T + 47.097 y = −0.0115 T + 5.003 y = −0.0112 T + 4.512 

Geometric y = −0.0681 T + 36.339 y = - 0.0034 T + 1.311 y = 0.0032 T + 1.980 

VDW y = −0.0565 T + 30.363 y = −0.0068 T + 3.383 y = −0.0063 T + 2.346 

Redlich-Kwong y = −0.0566 T + 30.395 y = −0.0068 T + 3.379 y = −0.0063 T + 2.346 

Cylindrical y = −0.0723 T + 37.971 y = −0.0139 T + 7.919 y = −0.0035 T + 3.120 

Hamieh model y = −0.0065 T + 39.197 y = −0.0121 T + 7.600 y = −0.0005 T + 0.821 
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.2.3. Determination of the specific free energy and acid-base 

roperties of UiO-66 particles 

Using the different methods mentioned above (the vapor pres- 

ure [ 25 , 26 ], deformation polarizability [31] , topological index 

ethods [32] and molecular and thermal models [ 38 , 39 , 54 ]), the

pecific free energy ( �G 

sp 
a (T ) ) of the various polar solvents ad-

orbed on UiO-66 surface were determined as a function of the 

emperature T, and the results are depicted in Tables SI12 – SI23. 

Afterwards, the obtained data was used to extract a linear cor- 

elation between the specific free enthalpy ( �G 

sp 
a (T ) ) and the time

elative to the various polar molecules by using the different IGC 

odels and methods, and the results are depicted in Tables 4 and 

 . 

Tables 4 , 5 and SI 1–12 clearly show that the different methods 

sed in IGC at infinite dilution to characterize the solid surfaces 

id not give identical values of ( �G 

sp 
a (T )) no matter the chosen

olar probes and temperatures. In some cases, the obtained values 

re, for one chosen method, three times higher than for the other 

ethods. 

In order to clarify the difference between the various chromato- 

raphic methods and models, Figs. 8 a and 8 b show the variations 

f �G 

sp 
a of the polar solvents such as dichloromethane and tetrahy- 

rofuran respectively, as a function of the temperature. 

The obtained results further confirm our previsions on the sig- 

ificant differences in the values of the specific free enthalpy 

btained by the various methods. Indeed, there is no universal 

ethod that can be used by IGC technique for an accurate deter- 

ination of the specific surface properties of solid particles. How- 

ver, our approach, and since it takes into account the effect of 

emperature, gave the more accurate specific values followed by 

he methods of the topological index, the vapor pressure and the 

eformation polarizability. 

.2.4. Enthalpic acid base constants 

For all used probes and the different IGC methods, a linear vari- 

tion of ( �G 

sp 
a (T ) as a function of the temperature was obtained
9 
 Tables 4 and 5 ). This allowed to determine the specific enthalpy 

 −�H 

sp 
a ) and entropy of adsorption ( −�S 

sp 
a ) of the various polar

olvents adsorbed on the UiO-66 surface for the different molecu- 

ar models and IGC methods. These results were reported in Tables 

I 13 and SI 14. 

The results depicted in the two Tables SI 13 and SI 14 showed 

n important deviation between the obtained results of specific en- 

halpy and entropy of adsorption from IGC method or model to 

ther models and methods showing the difficulties to choose a par- 

icular method that gives the most accurate results. The values of 

he specific enthalpy and entropy of adsorption depend on the na- 

ure of the method utilized. Consequently, it appears difficult to 

refer a method over another. However, it seems that the more 

ccurate method is that based on the thermal effect followed by 

he vapor pressure and topological index. 

In order to determine the acid base constants of UiO-66 surface, 

t is convenient to plot the variations of ( 
−�H 

sp 
a 

A N ′ ) and ( 
−�S 

sp 
a 

A N ′ ) as a

unction of ( D N 
′ 

A N ′ ) for the different methods and models ( Figs. 9 a

nd 9 b). The straight lines (in dark) represent the average results 

f all the used methods. 

The values of the enthalpic acid base constants K A and K D 

nd entropic acid base parameters ω A and ω D for the different 

GC methods are summarized in the Table 6 . The values obtained 

y taking the average of these IGC methods are also inserted in 

able 6 . 

Table 6 showed very acidic UiO-66 surface which is 3 times 

ore acidic than basic in Lewis terms when using our model rel- 

tive to the thermal effect and the ratio acidity/basicity decreased 

o 1.8 for the other molecular models and IGC methods, excepted 

or the vapor pressure method where we found a ratio equal to 2. 

ur model gave an acidic constant K A = 0 . 57 and a smaller basic

onstant K D = 0 . 18 . These results confirm the acidic nature of this 

ramework which was employed as acid heterogeneous catalyst for 

sterification reaction [ 7 , 47 ]. The strong Lewis acidity of this MOF 

s induced by the defected nature of its structure as evidenced by 

he TGA analysis (1.2 missing linkers per cluster). 



T. Hamieh, Ali-Ahmad, A. Jrad et al. Journal of Chromatography A 1666 (2022) 462849 

Fig. 8. Variations of �G sp 
a as a function of the temperature in the case of THF (a) and DCM (b) adsorbed on UiO-66 surface by using the different IGC models and methods. 

Table 6 

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

stants ω A and ω D (unitless) of UIO-66 catalyst and their acid base ratios for the different used 

molecular models and IGC methods. 

Models and IGC methods K A K D K A /K D ω A ω D ω A / ω D 

Kiselev 0.63 0.35 1.80 7.1 × 10 −4 4.6 × 10 −4 1.53 

Spherical 0.59 0.41 1.43 9.3 × 10 −4 6.2 × 10 −4 1.49 

Geometric 0.44 0.23 1.93 6.9 × 10 −4 3.5 × 10 −4 2.01 

VDW 0.49 0.26 1.91 7.3 × 10 −4 4.4 × 10 −4 1.66 

Redlich-Kwong 0.48 0.27 1.80 9.6 × 10 −4 6.4 × 10 −4 1.50 

Cylindrical 0.58 0.34 1.73 8.1 × 10 −4 5.2 × 10 −4 1.57 

Vapor pressure 0.32 0.16 1.96 3.8 × 10 −4 3.1 × 10 −4 1.24 

Deformation polarizability 0.50 0.30 1.67 6.9 × 10 −4 9.0 × 10 −5 7.63 

Topological index 0.38 0.21 1.81 4.6 × 10 −4 3.8 × 10 −4 1.20 

Hamieh model 0.57 0.18 3.14 5.2 × 10 −4 3.5 × 10 −4 1.48 

Global average 0.50 0.27 1.84 6.9 × 10 −4 4.2 × 10 −4 1.65 

10 
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Fig. 9. Variations of ( −�H sp 
a 

A N ′ ) (a) and ( −�S sp 
a 

A N ′ ) (b) as a function of ( D N 
′ 

A N ′ ) for different molecular models and IGC methods. 
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The superiority of our model results from the use of the effect 

f the temperature on the surface areas of adsorbed molecules. All 

ther methods used constant values of the parameter descriptors 

or all polar molecules independently from the temperature. The 

apor pressure method only used the variation of the vapor pres- 

ure of polar solvents as a function of the temperature. The last 

ethod with our model describes more accurately the acid base 

onstants of solid surfaces and considers the effect of the temper- 

ture on the different thermodynamic properties of the solid sub- 

trates. 

In conclusion, all used models and IGC methods gave more acid 

urface than basic for UiO-66 surface. The result obtained by this 

tudy confirmed other results obtained by many authors [ 47 , 48 , 55 ]

n the acidic behavior of this MOF. 
s

11 
.2.5. Specific statistical probability of interaction 

In order to understand the thermodynamic behavior of the used 

OF, the specific statistical probability of interaction P 

sp 
a between 

he probes and the UiO-66 was studied. The following thermody- 

amic relation was used ( Eqn. (24) ): 

S sp 
a = Rln P 

sp 
a , where, P 

sp 
a = 

� f 

�i 

(24) 

here � f and �i are the respective numbers of the final and ini- 

ial microstates of the system. 

On Figure SI 1, we plotted the specific statistical probability P 

sp 
a 

f interaction of the various polar molecules adsorbed on the solid 

articles by applying the different models and IGC methods. Re- 

ults of Figure SI 1 showed larger values of the specific statistical 
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robability for THF, diethyl ether, toluene and acetonitrile whatever 

he used model or method. It seems that the specific interaction is 

maller in the case of benzene, DCM and chloroform due to the 

trong acidic character of the MOF. 

The obtained results allowed to classify the different probes by 

ecreasing order of specific statistical probability of interaction as 

ollows: 

 etrahydrof uran > diethyl ether > acet onitrile > t oluene 

> dichloromethane > chlorof orm > benzene 

hese interesting results appear similar to those obtained in previ- 

us study on silica particles [19] that proved also a near classifica- 

ion: 

 etrahydrof uran > diethyl ether > ethyl acetate > acetone 

> acetonitrile > toluene > dichloromethane > chlorof orm 

> benzene. 

n both cases, it was proved a strong acid character of the solid 

articles due to the larger value of the specific probability of inter- 

ction with basic probes and weaker values with acid molecules. 

. Conclusion 

Different models and methods of inverse gas chromatography 

t infinite dilution were used to determine the dispersive energy 

nd the superficial acid base properties in Lewis terms of UiO- 

6. The specific thermodynamic properties of interaction of polar 

odel molecules were determined by using different IGC methods 

nd models. 

Seven molecular models of the surface areas of organic 

olecules or ethylene group were used to determine the disper- 

ive component γ d 
s of the surface energy of UiO-66 particle sur- 

ace: Dorris-Gray, Kiselev, Van der Waals, Redlich-Kwong, geomet- 

ic, cylindrical, spherical and our models. Based on the important 

ffect of the temperature on the surface area of molecules ad- 

orbed on solid substrates, this present study proved the Hamieh 

hermal model gave the more accurate values of the dispersive 

urface energy of UiO-66 surface as a function of the tempera- 

ure. All other molecular models supposed that the surface area 

f the solvents is constant even when the temperature varies. 

his was contradicted by Hamieh works that gave the varia- 

ions of the surface area a (T) of molecules as a function of the 

emperature. 

The values of the thermodynamic variables such as the specific 

ree enthalpy �G 

sp 
a , enthalpy and entropy of adsorption of polar 

olecules on the MOF surface, as well as the acid-base constants 

ere determined by using the various molecules models and the 

ther IGC methods respectively based on the vapor pressure, topo- 

ogical index or deformation polarizability concepts. The accurate 

esults were obtained by using our model because it takes into ac- 

ount the thermal effect on the surface area of molecules. The en- 

halpic and entropic acid base constants were determined proving 

he strong acidity of UiO-66 which was also confirmed by the de- 

ected nature of the framework. These results showed an excellent 

eparation between enthalpic and entropic acid base constants of 

he used UiO-66. 

A perfect linear correlation between the polar enthalpy of ad- 

orption ( −�H 

pol. 
a ) and the relative polarity (R.P.) of polar probes 

as obtained. The specific statistical probability of interaction �sp 
a 

etween polar molecules and UiO-66 particles was also deter- 

ined. We proved that the specific statistical probability of inter- 

ction is the highest for tetrahydrofuran and diethyl ether com- 

ared to the other polar molecules. 
12 
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