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ABSTRACT

This paper is devoted to the determination of the dispersive component of the surface energy of two boron materials
such as h-BN and BPOj, surfaces by using the inverse gas chromatography (IGC) at infinite dilution. The specific inter-
actions and Lewis’s acid-base parameters of these materials were calculated on the light of the new thermal model con-
cerning the dependency of the surface area of organic molecules on the temperature, and by using also the classical
methods of the inverse gas chromatography as well as the different molecular models such as Van der Waals, Redlich-
Kwong, Kiselev, geometric, Gray, spherical, cylindrical and Hamieh models. It was proved that h-BN surface exhibits
higher dispersive surface energy than BPO4 material.

The specific properties of interaction of the two boron materials were determined. The results obtained by using the
new thermal model taking into account the effect of the temperature on the surface area of molecules, proved that the
classical IGC methods, gave inaccurate values of the specific parameters and Lewis’s acid base constants of the solid
surfaces. The use of the thermal model allowed to conclude that h-BN surface has a Lewis basicity twice stronger than its
acidity, whereas, BPO4 surface presents an amphoteric character.

Keywords: Retention Volume; Free Surface Energy of Adsorption; Specific Interactions; Lewis’s Acid Base Parameters;
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base parameters of metals, oxides, claysl®'3), ceramic materials, poly-

mers and composites, textiles, fibers and nanomaterials, pharmaceutical

1221 and polymers adsorbed on oxides!?*¢!. This

and food products!
interesting chromatographic technique is always used to determine the
dispersive component of the surface energy, the dispersive and specific

free energy of interaction AG;”, the specific enthalpy AH;p and
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entropy AS.P of polar molecules adsorbed on the

solid surfaces. The Lewis acid base character’>*7~

10.23-26] can be also determined by IGC at infinite di-
lution that can quantify the dispersive and polar in-
teractions between materials and nanomaterials and
the organic probes generally used in this technique.

In many previous papers>2, we used 1GC
technique to determine the surface and interface
properties of some metals, oxides, textiles, polymers
adsorbed on oxides and supported catalysts. Some
new models and methods were recently proposed in
literaturel®*33] to correct some incoherencies com-
mitted by various scientists?®***" in order to better
understand the behaviour of materials when they are
in contact with other materials.

In this paper, we were interested to study the
thermodynamic properties of two boron compounds
such hexagonal boron nitride (h-BN) and boron
phosphate (BPOs), correct various errors committed
by a recent study®! and thus give more accurate re-
sults.

2. Methods

To do that, many methods were proposed in lit-
erature and used during the last sixty years!'%, At
the beginning, Sawyer and Brookman? found an ex-
cellent linearity of the logarithm of the net retention
volume Vn of an adsorbed solvent on a solid, as a
function of the boiling point Tgp of n-alkanes
InVn = f(Tgp). The separation method of the dis-
persive (or London) and polar (or specific) interac-
tions between a solid substrate and a polar molecule
was proposed by the research works of Saint-Flour
and Papirer®*. These authors used the representa-
tion of RTInVn versus the logarithm of the vapor
pressure P, of probes:

RTInVn = a,Py + 4

(1
where R is the ideal gas constant, T is the absolute
temperature and @4 and f§; constants depending on
the interface solid-solvent. The distance relating the
representative point of RTInVn of a polar molecule
to its hypothetic point located on the n-alkane
straight-line determined the specific free energy of
adsorption AG,?. The variation of AG,? versus the
temperature led to the specific enthalpy AH.P and

entropy AS,” of polar molecule adsorbed and
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therefore to the Lewis acid-base parameters. Several
other IGC methods were proposed, to characterize
the solid surfaces, a similar linearity to separate the
two dispersive and polar components of the specific
interactions was found.

On the other hand, two similar methods were
used to determine the dispersive component y& of
the surface energy of the solid.

1) Dorris and Gray!*!! first determined y& of
solid materials by using Fowkes relation!*?! and cor-
relating the work of adhesion W, to the free energy
of adsorption AG? by the following relation:

AGY = NaW, =2Na /yldysd
(2)

where a is the surface area of adsorbed molecule, y&
is the dispersive component of the liquid solvent,
and V is the Avogadro’s number.

Dorris and Gray introduced the increment
AG® y,_ of two consecutive n-alkanes CrHams1)
and CypHa i1y

AG—OCHZ— = AGO(Cn+11L12(n+2))
- AGO(CnHZ(n+1))
(3"

By supposing the surface area of methylene
group, A_cpz— = 64, independent from the temper-
ature and the surface energy ¥_cyo—(in mj/m?) of
—CH2- equal to:

Y—cha = 52.603-0.058 T (T in K)

Dorris and Gray!*!! then deduced the value of
¥& by the Equation (3):

2
RTIn [Vn (Cn+1H2(n+2))”

Vn(CnHZ(n+1))

2 2
4N “ aZcyr_Y-chz-

¥

3)

2) The method proposed by Schultz et al.l*! us-

ing Fowkes relation!*?! similarly gave the free energy

of adsorption AG? as a function of the geometric

mean of the respective dispersive components of the

surface energy of the liquid solvent y{ and the solid
yak:

AG? = RTInVn + a,
= 2wva (vivd)"* + B,

4)

where a is the surface area of probes supposed con-

stant for all temperatures and @, and B, two



constants depending on the used materials and the
temperature. The variations of RTInlVn versus

2Na (yld)l/z of n-alkanes and polar molecules

gave both the y& and AG;F (T) of the solid.

In previous studies, one determined the disper-
sive component of many solid materials by using the
various molecular areas of Kiselev, Van der Waals
(VDW), Redlich-Kwong (R-K), Kiselev, geometric,
cylindrical or spherical models!**~2¢,

3) The method deduced from the works of Saw-
yer and Brookman!?! used:

RTInVn = a3Tgp + B3
(%)
where a3 and 3 are two constants. This method
gave the specific free energy and the acid base prop-
erties.

4) The method of the deformation polarizability
a, proposed by Donnet et al.*}]. They proposed the
following relation:

RTInVn = a,(hv))Y? ay ), + Ba
(6)
where v; is the electronic frequency of the probe,
h is the Planck’s constant and a, and 8, are con-
stants of interaction.

5) Chehimi et al.*¥ used the standard enthalpy
of vaporization AH,?ap_ (supposed constant) of n-al-
kanes and polar molecules:

RTInVn = asAHD,, + Ps
(7)
where a5 and f; are two constants. This method
is similar to Saint-Flour and Papirer method using
InP, and that of Sawyer and Brookman using Tg p..

6) The method of Brendlé and Papirer!'**3 used
the concept of the topological index yr thatis a pa-
rameter considering the topology and the local elec-
tronic density in the polar probe structure. They gave
the following relation:

RTInVn = agf (x7) + Bs
®)
where a¢ and 8z are two adsorption constants.

In all previous cases, the determination of
AG.;P(T) of polar solvents versus the temperature
will allow to deduce the specific enthalpy (—AHZP)
and entropy (AS;p) of polar probes adsorbed on the
solid surfaces by using Equation (1):

AG;P(T) =AH.P-T AS;P
(€]
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Knowing of AH,? polar solvents, the two re-
spective acid base constants K4 and Kp of solids can
be determined by Papirer following relation(*446:

—AHP DN
AN

= ml{ 4+ Kp

(10)
where AN and DN respectively represent the electron
donor and acceptor numbers of the polar molecule

given by Gutmann[*”! and corrected by Fowkes.

Criticism of the two methods of Schultz and
Dorris-Gray

In previous works**>3 one proved that the
method of Schultz et al.l®! cannot be used to charac-
terize the solid surfaces and obtain quantitative prop-
erties, because they supposed the surface area of
probes as constant and independent from the temper-
ature. While, it was proved that the surface area of
molecules is function of the temperature**33!. Con-
sequently, the values of y&, AG,? and the Lewis
acid base parameters obtained many authors are def-
initely inaccurate and they have to be corrected.

Indeed, Hamieh et al.?% gave the different rela-
tions of the surface area a(T) of organic molecules
and n-alkanes versus the temperature and the surface
area of methylene group a_cy,—(T) also proving
the non-validity of y& determined by Dorris-Gray
relation.

Consequently, the values of the dispersive sur-
face energy and the specific interactions of solid ma-
terials by using Dorris-Gray and Schultz method are
certainly inaccurate. Recently, Isik et al.*" used the
above methods to determine the surface properties of
boron compounds. Their results are not accurate. A
correction has to be introduced to obtain more accu-
rate results.

The values obtained by Isik et al.*” for the hex-
agonal boron nitride and the boron phosphate were
recorrected by our thermal model taking into account
the variations of the surface areas of organic mole-
cules as a function of the temperature. We also used
all other known IGC methods and models in order to
show the large disparity between the obtained values
of y&, AG;P and the Lewis acid base constants of the
two studied materials.



3. Experimental

3.1. Materials and solvents

All chemicals used in this study such as hexag-
onal boron nitride and boron phosphate, the n-al-
kanes (hexane, heptane, octane, and nonane), and the
polar solvents (strong acid probes (chloroform
(CHCI3) and dichloromethane (DCM)), amphoteric

solvent (acetone) and strong basic solvents (ethyl ac-
etate and tetrahydrofuran (THF)) at highly pure
grade (99%), were purchased from Fisher Scientific.
The above polar organic probes are character-
ized by their donor and acceptor numbers. The cor-
rected acceptor number and normalized donor num-
ber were used in this study and given in Table 1.

Table 1. Normalized donor and acceptor numbers of some polar molecules.

Polar probe DN' AN' DN'/AN' Character

CHCIs 0 18.7 0.00 Higher acidity
CH:Cl 3 13.5 0.22 Acid

Acetone 425 8.7 4.89 Higher amphoteric
Ethyl acetate 42775 53 8.07 Base

THF 50 1.9 26.32 Higher basicity

3.2. GC Conditions

The experimental measurements were per-
formed on a commercial Focus GC gas chromato-
graph equipped with a flame ionization detector.
Dried nitrogen was the carrier gas. The gas flow rate
was set at 30 mL/min. The injector and detector tem-
peratures were maintained at 400 K during the ex-
periments. To achieve infinite dilution, 0.1 pL of
each probe vapor was injected with 1 pL Hamilton
syringes, in order to approach linear condition gas
chromatography. The two columns used in this study
were prepared using a stainless-steel column with a 2
mm inner diameter and with an approximate length of
20 cm. The column was packed with 1 g of solids in
powder forms. The column temperatures were be-
tween 300 K and 330 K, varied in 5 °C steps. Each
probe injection was repeated three times, and the av-
erage retention time, 7z, was used for the calculation.
The standard deviation was less than 1% in all meas-
urements.

3.3. Results

3.3.1. Study of the dispersive component of
the surface energy

The dispersive components of the surface en-
ergy of hexagonal boron nitride and boron phosphate
were determined by using Dorris-Gray method, the
molecular models and the thermal model!*-26-30-33]
taking into account the variations of the surface area
versus the temperature.

We plotted on Figure 1, the calculated values of
y&(T) of hexagonal boron nitride and boron
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phosphate surfaces versus the temperature by using
the above methods. All models and IGC methods
gave linear variations with excellent correlation co-
efficient with decrease of y&(T) of the two materi-
als when the temperature increases. However, we can
distinguish here the large difference between the val-
ues of y&4(T) obtained by the various models and
methods proving the non-universality of any of the
used methods. The only result that can be considered
as more accurate is that base on the thermal model
given by Hamieh model**3%, Figure 1 also showed
that VDW model gave closer results, but there is a
difference between the y&(T) values obtained by
Isik et al.[*! using the methods of Schultz et al.>! and
Dorris-Gray, and that of the thermal model that we
applied. The hypothesis of the classic methods of
Schultz and Dorris-Gray considering the surface ar-
eas of organic molecules as constant independent
from the temperature, is wrong. The error exceeds
30% with respect of Hamieh model°331. All meth-
ods that do not take into account the thermal effect
cannot be considered as qualitative methods but only
qualitative and can be used for the comparison be-
tween materials. These methods cannot be used for
other calculations either, such as the determination
of the specific and acid base properties of materials
due to this incoherency. The different molecular
methods were used to show that there is no raison to
limit the calculations only to Kiselev values. Indeed,
the gas molecules can have different position during
the adsorption or desorption processes and therefore
the geometry of molecules can change from model



to another model. For example, the values of the sur-
face area obtained by using Van der Waals equations
took into consideration the lateral interactions of
molecules where the spherical model supposed the
n-alkanes contained in a sphere with a mean value of
the radius. Whereas, the cylindrical model supposed

a cylindrical geometry of molecules. Only the geo-
metric model gave the real value of the surface arca
of the molecule by taking its real geometric form/3,

Consequently, we cannot use these above mod-
els without considering the effect of the temperature
on the surface area of n-alkanes and polar molecules.
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Figure 1. Evolution of y& (mJ/m?) of h-BN and BPOs as a function of the temperature 7' (K) for the different methods and models

of IGC.

We gave on Table 2 the equations giving y&(T)
of the two boron materials against the temperature by
using the different molecular models, the dispersive

surface entropy &

, the extrapolated values
Y&(T = 0K) and the maximum of temperature

_ yd(r=0K)

&

Tyax defined by: Tygy =

Figure 1 and Table 2 proved that the dispersive
surface energy of h-BN is clearly larger than that of
BPO4. One observed that the results obtained with
Redlich-Kwong model is closer to that of Hamieh
model once proving the strong effect of the temper-

ature on the surface areas of molecules and therefore
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on the dispersive surface energy of materials. Table
2 also showed certain differences in the values of
Tyax obtained by the various models. However, one
observed comparable value of Ty, of the two materials
by Hamieh model Ty =~ 420 K.

On the other hand, Table 2 showed a difference
in the values of y&(T) of h-BN and BPOy particles
obtained by Hamieh model when comparing with
those obtained by Isik ez al.l*"!, Indeed, these authors
applied the two methods of Gray and Schultz (using
Kiselev results). This difference is due to the fact that
the authors neglected the effect of the temperature on
the surface areas of organic molecules.



Table 2. Equations y&(T) of h-BN and BPO4 particles for all used molecular models of n-alkanes, 2, y&(T = 0K) and Tyqy.

Case of BPOy4

Molecular model

Y4(T) (mJ/m’)

£? = dy?/dT mI m2K™") y4(T = 0K) (mI/m?) Tpyay

Dorris-Gray
Hamieh-Gray
Hamieh model
Spherical
Geometric
Redlich-Kwong
VDW
Cylindrical
Kiselev

Global average

y&(T) =—0.11T+65.4
y&(T) =—0.42T + 187
y&(T) =—0.44T + 183.7
y&(T) =—0.49T +239.8
y&(T) =—0.07T +41.7
y&(T) =-0.22T+137.2
y&(T) =—0.16T +82.1
y&(T) =—0.11T+61.9
y&(T) =—0.13T +68.3
y&(T) =—0.24T + 116.4

Case of h-BN

Molecular model

¥§(T) (mJ/m?)

Dorris-Gray
Hamieh-Gray
Hamieh model
Spherical
Geometric
Redlich-Kwong
VDW
Cylindrical
Kiselev

Global average

y&(T) =—0.15T +80.8
y&(T) =—0.28T +130.7
y&(T) =—0.36T + 152
y&(T) =-0.73T +328.6
y&(T) =—0.12T + 60.7
y&(T) =—0.40T + 185.6
y&(T) =—0.24T+ 112.8
y&(T) =—0.18T + 88.2
y&(T) =—0.21T+97.0
y&(T) =—0.32T + 146 .4

-0.11 65.4 569.3
-0.42 187.0 441.0
—0.44 183.7 416.1
-0.49 239.8 4873
-0.07 41.7 588.7
-0.22 137.2 631.7
-0.16 82.1 509.2
-0.11 61.9 548.6
-0.13 68.3 529.3
-0.24 116.4 485.0

e? = dy?/dT mI m2KY) y4(T = 0K) mI/m?) Tpyay
-0.15 80.8 547.0
-0.28 130.7 459.9
-0.36 152.0 419.9
-0.73 328.6 450.0
-0.12 60.7 502.7
-0.40 185.6 464.7
—0.24 112.8 464.9
-0.18 88.2 483.6
-0.21 97.0 4722
-0.32 146.4 457.0

Due to the large disparities in the y& values be-
tween the different models. We will determine the
specific or polar properties of materials by using the
different methods in order to prove the no-validity of
Schultz et al. method™ and therefore this method
cannot be used for the determination of the specific
and acid base properties of materials.

3.3.2. Specific free energy (AG,’ (T)) and
acid-base constants of materials

In this section, one used the nine molecular
models including the thermal model with the vapor
pressure®#, deformation polarizability*, topological
index, boiling point? and vaporization heat™* meth-
ods, to determine the values of the specific free en-
ergy (AG,F(T)) of the different polar solvents ad-
sorbed on BPO4 and h-BN surfaces as a function of

the temperature (See Tables A1 and A2 in Appendix).

All used methods and models gave linear relations of
(AGSP(T)) but one also observed irregular results
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between the various IGC methods and models.

The large difference between the (AG,F(T))
values obtained with h-BN and BPO4 can be shown
on Figure 2. That clearly proved that the values of
the specific free energy of an adsorbed solvent can
be 3 or 4 times higher from an applied model to an-
other model. The study of the specific free energy of
the different solvents such as CHCl;, CH,Cl,, THF,
Ethyl acetate and acetone adsorbed on the boron
compounds revealed a large difference between the
values obtained the different IGC models and meth-
ods. For example, in the case of CHCl; and CH,Cl,,
we observed that the values of AG;" varies from 1
kJ/mol to 9 kJ/mol. The same irregularities were ob-
served with tho other solvents, proving the necessity
to the correction of the classical methods by the use
of the thermal model taking into account the effect
of the temperature on the surface area of organic
molecules.
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Figure 2. (Continued).
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Figure 2. Variations of AG;” of the various solvents (CHCl3, CH2Clz, THF, Ethyl acetate and acetone) adsorbed on BPOg as a func-

tion of the temperature for the different IGC models and methods.

Now to determine the specific enthalpy and en-
tropy of adsorption of polar molecules on the solid
surfaces, one used the above values of AG;" (T) ob-
tained by the different methods and relation (9).

3.3.3. Enthalpic and entropic acid base con-
stants

By using relation (9) and AG.? (T) values, one
deuced (—AHP) and (—AS,P) of the different polar
solvents adsorbed on BPO4 and h-BN surfaces for the

different used methods (Tables 3 and 4).

One found that there was a large difference be-
tween the different values of (—AH,") (Table 3) and
(—AS.P) (Table 4) of dichloromethane, chloroform,
THEF, ethyl acetate and acetone adsorbed on materials
strongly depending on the used molecular model or
IGC method. Only the thermal model gave more ac-
curate results because it took into account the ther-
mal effect of the temperature on the surface area.

Table 3. Variations of (—AH," in kJ mol™') as a function of the used models or methods of the adsorbed polar molecules respec-

tively on BPO4 and h-BN materials.

BPO; surface

Model or method CH:CL: Chloroform THF Ethyl acetate Acetone
Kiselev 41.026 28.691 35.500 23.517 24.226
Cylindric 20.705 3.301 —9.342 1.549 2731
Van der Waals 12.878 —7.186 0.709 5.065 10.867
Redlich-Kwong 13.077 —7.051 0.854 5.172 10.997
Geomeric 18.493 1.857 5.431 3.042 3.486
Spheric 14.187 11.115 0.807 8.133 14.405
Hamieh model 4.000 6.623 13.956 12.754 13.223
Boiling point —12.338 1.043 4.684 3.032 0.337
Vapor pressure -9.139 0.627 4.394 2.742 2.753
Deformation polarizability 6.616 4.298 3.751 3.075 10.626
Topological index 22.060 11.039 —0.453 0.397 7.628
DHvap —7.843 0.847 6.179 5.118 2.673
Global average 10.310 4.600 5.539 6.133 8.663
h-BN surface

Model or method CH:CL Chloroform THF Ethyl acetate Acetone
Kiselev 7.838 -3.675 3.246 6.286 15.141
Cylindric 21.366 19.028 0.042 6.187 8.332
Van der Waals 12.103 7.096 11.756 10.101 17.662
Redlich-Kwong 12.296 7.218 11.890 10.193 17.772
Geomeric 18.720 16.644 4.728 8.120 9.345
Spheric 13.858 3.004 11.928 13.700 21.860
Hamieh model 6.162 0.311 8.752 11.671 8.376
Boiling point 11.142 12.753 5.590 1.030 4.887
Vapor pressure 7.717 13.456 5.973 1.832 2.320
Deformation polarizability 3.778 19.451 16.102 8.651 18.526
Topological index 23.279 27.710 10.925 5.351 14.827
DHvap 5.813 13.107 3.884 —1.427 2.168
Global average 12.006 11.342 7.901 6.808 11.768
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Table 4. Variations of (—AS,Fin J K~'mol~") as a function of the used models or methods of the adsorbed polar molecules respec-

tively on BPO4 and h-BN materials.

BPO, surface

Model or method CH:Ch: Chloroform THF Ethyl acetate Acetone
Kiselev 18.3 59 22.5 -1.9 -13
Cylindric —44.9 8.6 27.8 -0.9 -1.6
Van der Waals 26.5 -37.3 —7.6 8.9 18.5
Redlich-Kwong 26.9 —37 —7.2 9.2 18.8
Geomeric 41.1 -3.8 -20.4 22 2
Spheric 28.1 -50.2 -6.9 16.2 26.8
Hamieh model 7.0 9.0 24.0 20.0 25.0
Boiling point -29.5 6.1 20.3 12.4 8.3
Vapor pressure 21.2 6.3 18.6 15.8 14.7
Deformation polarizability 19.9 1.9 7.6 -33 8.2
Topological index 441 12.1 —14 -7.4 3.6
DHvap —22.4 59 22.7 15.8 12.1
Global average 11.4 -1.6 6.0 7.3 10.3
h-BN surface

Model or method CH:CL Chloroform THF Ethyl acetate Acetone
Kiselev 19.7 —-15.8 123 17.7 38.3
Cylindric 51.2 42.1 5.7 16.7 23.9
Van der Waals 28.8 9.3 30.2 25.8 44.0
Redlich-Kwong 29.2 9.5 30.5 26.0 442
Geomeric 46.2 44.6 15.1 19.2 25.0
Spheric 31.6 43 31.1 34.6 54.1
Hamieh model 6.6 2.8 9.7 15.6 10.9
Boiling point 30.9 39.8 15.4 1.7 12.8
Vapor pressure 219 40.4 17.4 0.0 6.0
Deformation polarizability 18.2 513 335 14.8 36.3
Topological index 51.7 65.5 24.6 9.1 29.9
DHvap 21.7 404 12.5 -2.6 8.1
Global average 29.8 279 19.8 14.9 27.8

The Lewis acid base parameters of BPO4 and
h-BN were obtained by drawing the values of

_ Sp _ACSP !
( Al ) and ( A5 ) as a function of (DN ) for all

AN’ AN’ AN’
previous methods (Figures 3 and 4).

The linearity showed in Figures 3 and 4 is in-
sured for the several of the applied models and meth-
ods. The obtained values of the various acid base
constants K;, Kp, w, and wp for the all 1GC
methods are shown in Table 5, included the values
obtained by taking the average of these IGC methods.

The results of Table 5 clearly showed that the
classical methods and models cannot be taken into
consideration because of the small linear regression
coefficient R? that sometimes reaches 0.000 to 0.700,
thus proving that there is no correlation (cylindric,
VDW, Redlich-Kwong spheric, geometric, topological
index models for BPO4, and Kiselev, boiling point, ge-
ometric, vapor pressure, topological index and en-
thalpy of vaporization models for h-BN). For other
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models, one obtained negative values indicating the
non-validity of such models (cylindric, boiling point,
geometric, vapor pressure, topological index, spheric,
boiling point and enthalpy of vaporization models for
BPOs, and cylindric model for h-BN). Only the ther-
mal model gave the more precise results with the high-
est linear regression coefficient R” equal to 1.000 for
BPOy and 0.989 for h-BN. On Table 6, we resumed
the results obtained by using the thermal model.

Table 6 proved that BPO,4 material exhibits an
amphoteric surface, whereas, h-BN is twice more
basic than acidic. By comparison with other studies
in literature such as that of Isik et al.[*!, we observed
that the results are closer in the two studies for BPO,
material with a deviation of 20% from the thermal
model and they are too far from each other. The error
committed by Isik et al.l* exceeds 250%. This large
deviation resulted from the use by these authors of
Schultz method®! that was proved in many previous
studies*3*! to be wrong.
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Table 5. Values of the enthalpic acid base constants K4 and Kp and the entropic acid base constants w4 and wp of h-BN and BPO4 for
the various molecular models and IGC methods and the corresponding acid base ratios and the linear regression coefficients.

BPO4

Models and IGC methods K4 Kp Kv/Kp 103w 103wp OD/W4
Kiselev 0.38 0.62 1.6 0.238 —-0.15 -
Cylindric —0.13 0.74 -5.6 0.37 —-1.57 —4.2
Van der Waals 0.00 0.39 - —-0.10 0.77 -
Redlich-Kwong 0.00 0.39 - —-0.10 0.77 -
Geomeric 0.05 0.23 - —-0.28 1.35 —4.8
Spheric —0.01 0.73 - —-0.09 0.93 -
Hamieh model 0.16 0.16 1.0 0.28 0.24 0.9
Boiling point 0.07 —0.26 -39 0.27 —0.65 2.4
Vapor pressure 0.06 -0.17 2.9 0.20 0.34 1.7
Deformation polarizability 0.03 0.26 7.6 —-0.11 0.64 =57
Topological index —-0.03 0.59 - -0.21 1.15 -54
Enthalpy of vaporization 0.08 —-0.16 -2.0 0.29 —-0.49 -1.7
Average values 0.05 0.29 - 0.06 0.28 -
h-BN

Models and IGC methods K4 Kp KvKp w4 (9))) WD/WA
Kiselev 0.03 0.36 - 0.13 0.75 5.76
Cylindric —0.03 0.79 - 0.00 1.78 -
Van der Waals 0.13 0.37 3.0 0.33 0.81 2.46
Redlich-Kwong 0.13 0.38 3.0 0.33 0.81 2.45
Geomeric 0.03 0.63 - 0.12 1.48 -
Spheric 0.13 0.50 4.0 0.34 1.13 3.37
Hamieh model 0.10 0.19 1.9 0.11 0.33 2.98
Boiling point 0.05 0.21 4.1 0.14 0.60 427
Vapor pressure 0.06 0.13 2.2 0.17 0.25 1.44
Deformation polarizability 0.18 0.22 1.2 0.36 0.61 1.70
Topological index 0.10 0.63 6.5 0.22 1.32 -
Enthalpy of vaporization 0.04 0.10 2.7 0.11 0.40 3.50
Average values 0.08 0.38 - 0.20 0.85 -

Table 6. Values of K4, Kp, w4 and wp for h-BN and BPO4 with the acid base ratios and the linear regression coefficient by using

Hamieh model.

Solid surface K4 Kp KyKp R? 103w 103wp wp/wa R?
BPO4 0.16 0.16 1.0 1.000 0.28 0.24 09 0.998
h-BN 0.10 0.19 1.9 0.989 0.11 0.33 2.98 0.934

4. Conclusion

The inverse gas chromatography at infinite di-
lution was used to characterize the surface properties
of h-BN and BPO; solid surfaces. Eight molecular
models were applied to do that as well as five IGC
methods. The dispersive components of the surface
energy of h-BN and BPO4 were calculated by the
various molecular models. The results that took into
account the thermal effect, were obtained by Hamieh
model. The equations of y&(T) of the two boron
compounds were determined with an excellent accu-
racy. h-BN material exhibits a dispersive surface en-
ergy higher that BPO, surface, due to the difference
in the surface and structural properties of these solid
substrates. The entropic dispersive energy €& and
Tyax present comparable values for the two boron sur-
faces.
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The determination of the free surface energy led
to obtain the values of specific free enthalpy AG,",
from which we deduced the enthalpy and entropy of the
different polar solvents adsorbed on the boron com-
pounds by using 13 molecular models and chromato-
graphic methods. The only valid model was that based on
the thermal agitation taking into account the effect of the
temperature. Our results proved that the boron mate-
rials have stronger specific interactions with the am-
photeric organic solvents, due to the amphoteric
character of these solid substrates. The values of the
enthalpic acid base constants K4 and Kp and entropic
acid base parameters wy and wp of the two boron
materials were also determined and showed that
BPO, has an amphoteric surface, whereas, h-BN ex-
hibits a stronger basic character twice more basic
than acidic. The tendency observed by Isik et al.[*"!
was the same as our above results but quantitatively



their results were wrong.
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Appendix

Table A1. Values of (AGS? (T)) (in kJ/mol) of the various polar solvents adsorbed on BPO4 material against the temperature by using
the various models and IGC.

DGasp (T) (in kJ/mol) Kiselev

T (K) CH:CL CHCI3 THF Ethyl acetate Acetone
303.15 3.454 1.206 0.157 1.103 4.497
308.15 3.360 1.484 0.270 1.095 4.434
313.15 3.267 1.769 0.382 1.085 4.369
318.15 3.175 2.062 0.494 1.076 4.304
323.15 3.085 2.367 0.607 1.067 4.239
328.15 2.996 2.682 0.719 1.057 4.173
DGasp (T) (in kJ/mol) Cylindrical

T (K) CH:ClL: CHCI3 THF Ethyl acetate Acetone
303.15 7.106 5.924 -0.925 1.278 2.244
308.15 6.881 5.959 -0.786 1.275 2.237
313.15 6.655 5.996 -0.648 1.270 2.229
318.15 6.431 6.039 -0.508 1.266 2.221
323.15 6.208 6.087 -0.369 1.261 2.213
328.15 5.984 6.140 -0.231 1.256 2.204
DGasp (T) (in kJ/mol) VDW

T (K) CH:CL: CHCI: THF Ethyl acetate Acetone
303.15 4.856 4.125 3.004 2.355 5.257
308.15 4.721 4.297 3.042 2.311 5.164
313.15 4.587 4.475 3.080 2.266 5.072
318.15 4.454 4.660 3.118 2.221 4.979
323.15 4.324 4.854 3.156 2.177 4.887
328.15 4.194 5.058 3.194 2.132 4.794
DGasp (T) (in kJ/mol) R-K

T (K) CH:ClL: CHCI; THF Ethyl acetate Acetone
303.15 4.922 4.176 3.051 2.385 5.292
308.15 4.785 4.347 3.087 2.339 5.199
313.15 4.649 4.524 3.123 2.293 5.104
318.15 4.515 4.708 3.160 2.248 5.011
323.15 4.381 4.900 3.196 2.201 4.916
328.15 4.250 5.103 3.232 2.155 4.822
DGasp (T) (in kJ/mol) Geometric

T (K) CH:CL: CHCI3 THF Ethyl acetate Acetone
303.15 6.048 3.013 0.747 2.364 2.874
308.15 5.842 3.031 0.849 2.354 2.864
313.15 5.637 3.049 0.951 2.343 2.854
318.15 5.431 3.068 1.053 2.332 2.844
323.15 5.226 3.088 1.155 2.320 2.834
328.15 5.022 3.109 1.257 2.308 2.823
DGasp (T) (in kJ/mol) Spherical

T (K) CH:ClL: CHCI3 THF Ethyl acetate Acetone
303.15 5.681 4.122 2911 3.209 6.277
308.15 5.538 4.357 2.945 3.127 6.143
313.15 5.396 4.598 2.980 3.045 6.008
318.15 5.256 4.848 3.015 2.964 5.874
323.15 5.117 5.108 3.049 2.883 5.740
328.15 4.980 5.379 3.084 2.803 5.607
DGasp (T) (in kJ/mol) Hamieh model

T (K) CH:CL: CHCI: THF Ethyl acetate Acetone
303.15 1.878 3.895 6.680 6.691 5.644
308.15 1.843 3.850 6.560 6.591 5.519
313.15 1.808 3.805 6.440 6.491 5.394
318.15 1.773 3.760 6.320 6.391 5.269
323.15 1.738 3.715 6.200 6.291 5.144
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328.15 1.703 3.670 6.080 6.191 5.019

Table Al. (Continued).

DGasp (T) (in kJ/mol) Boiling point

T (K) CH:CL CHCI; THF Ethyl acetate Acetone
303.15 3.384 0.805 1.456 0.740 2.180
308.15 3.236 0.835 1.557 0.802 2.221
313.15 3.088 0.865 1.658 0.864 2.262
318.15 2.941 0.897 1.760 0.927 2.304
323.15 2.793 0.927 1.861 0.989 2.346
328.15 2.646 0.957 1.962 1.051 2.387
DGasp (T) (in kJ/mol) Vapor pressure

T (K) CH:CL: CHCI3 THF Ethyl acetate Acetone
303.15 2.720 1.273 1.257 2.040 1.714
308.15 2.616 1.305 1.350 2.121 1.788
313.15 2.511 1.337 1.443 2.201 1.862
318.15 2.405 1.369 1.537 2.280 1.936
323.15 2.298 1.399 1.630 2.357 2.009
328.15 2.190 1.430 1.723 2.434 2.082
DGasp (T) (in kJ/mol) Deformation polarizability

T (K) CH:CL: CHCI3 THF Ethyl acetate Acetone
303.15 0.146 3.737 6.060 4.078 8.154
308.15 0.048 3.728 6.098 4.095 8.114
313.15 —0.052 3.719 6.136 4.111 8.073
318.15 —-0.151 3.709 6.174 4.127 8.032
323.15 —-0.251 3.700 6.212 4.144 7.991
328.15 —0.349 3.691 6.251 4.161 7.951
DGasp (T) (in kJ/mol) Topological index

T (K) CH:CL: CHCI3 THF Ethyl acetate Acetone
303.15 8.706 7.366 3.796 2.636 6.539
308.15 8.485 7.305 3.865 2.672 6.520
313.15 8.265 7.245 3.935 2.710 6.503
318.15 8.044 7.184 4.005 2.746 6.484
323.15 7.825 7.123 4.075 2.783 6.466
328.15 7.605 7.063 4.146 2.821 6.449
DGasp (T) (in kJ/mol) DHvap

T (K) CH:CL: CHCI3 THF Ethyl acetate Acetone
303.15 1.038 0.954 0.701 —0.343 0.980
308.15 0.926 0.984 0.815 -0.264 1.040
313.15 0.814 1.014 0.928 —0.185 1.101
318.15 0.702 1.044 1.042 —0.106 1.161
323.15 0.590 1.074 1.156 -0.027 1.221
328.15 0.477 1.102 1.268 0.051 1.281

Table A2. Values of (AGS? (T)) (in kJ/mol) of the various polar solvents adsorbed on h-BN material against the temperature by using
the various models and IGC.

DGasp (T) (in kJ/mol) Kiselev

T (K) CH:ClL: CHCI3 THF Ethyl acetate Acetone
303.15 1.881 1.142 -0.490 0.930 3.540
308.15 1.780 1.207 -0.552 0.840 3.347
313.15 1.681 1.278 -0.614 0.752 3.155
318.15 1.583 1.356 -0.675 0.663 2.964
323.15 1.486 1.443 -0.737 0.576 2.773
328.15 1.390 1.539 -0.798 0.488 2.583
DGasp (T) (in kJ/mol) Cylindrical

T (K) CH:CL: CHCI: THF Ethyl acetate Acetone
303.15 3.378 4.296 2.591 2.275 4.335
308.15 3.230 4.236 2.438 2.143 4.112
313.15 3.084 4.182 2.286 2.013 3.891
318.15 2.939 4.133 2.134 1.882 3.670
323.15 2.800 4.097 1.987 1.758 3.454
328.15 2.657 4.064 1.835 1.629 3.235
DGasp (T) (in kJ/mol) VDW

T (K) CH:ClL: CHCI; THF Ethyl acetate Acetone
303.15 3.378 4.296 2.591 2.275 4.335
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308.15 3.230 4.236 2.438 2.143 4.112
313.15 3.084 4.182 2.286 2.013 3.891
Table A2. (Continued).
DGasp (T) (in kJ/mol) VDW
T (K) CH:Cl» CHCI; THF Ethyl acetate Acetone
318.15 2.939 4.133 2.134 1.882 3.670
323.15 2.800 4.097 1.987 1.758 3.454
328.15 2.657 4.064 1.835 1.629 3.235
DGasp (T) (in kJ/mol) R-K
T (K) CH:CL CHCI: THF Ethyl acetate Acetone
303.15 3.449 4.351 2.641 2.306 4.372
308.15 3.300 4.291 2.487 2.174 4.149
313.15 3.153 4.236 2.335 2.044 3.928
318.15 3.008 4.189 2.183 1.914 3.707
323.15 2.862 4.147 2.030 1.784 3.486
328.15 2.719 4.115 1.878 1.656 3.267
DGasp (T) (in kJ/mol) Geometric
T (K) CH:ClL; CHCI3 THF Ethyl acetate Acetone
303.15 4.712 3.114 0.155 2.306 1.769
308.15 4.480 2.890 0.079 2.210 1.644
313.15 4.249 2.666 0.004 2.114 1.519
318.15 4.018 2.443 -0.072 2.018 1.394
323.15 3.787 2.220 —0.147 1.922 1.269
328.15 3.557 1.998 —0.223 1.827 1.144
DGasp (T) (in kJ/mol) Spherical
T (K) CH:CL: CHCI3 THF Ethyl acetate Acetone
303.15 4.294 4.309 2.502 3.216 5.463
308.15 4.134 4.317 2.346 3.040 5.190
313.15 3.974 4.330 2.189 2.865 4.918
318.15 3.817 4.350 2.034 2.692 4.648
323.15 3.660 4.379 1.880 2.521 4.379
328.15 3.505 4.417 1.725 2.351 4.111
DGasp (T) (in kJ/mol) Hamieh model
T (K) CH:CL: CHCI3 THF Ethyl acetate Acetone
303.15 4.190 0.500 5.811445 6.94186 5.074
308.15 4.137 0.545 5.762945 6.86386 5.005
313.15 4.095 0.575 5.714445 6.78586 4.944
318.15 4.062 0.588 5.665945 6.70786 4.889
323.15 4.039 0.587 5.617445 6.62986 4.841
328.15 4.026 0.569 5.568945 6.55186 4.800
DGasp (T) (in kJ/mol) Boiling point
T (K) CH:CL: CHCI3 THF Ethyl acetate Acetone
303.15 1.782 0.689 0.910 0.521 0.992
308.15 1.628 0.491 0.834 0.513 0.929
313.15 1.474 0.291 0.756 0.505 0.864
318.15 1.319 0.092 0.679 0.496 0.800
323.15 1.165 -0.107 0.602 0.488 0.735
328.15 1.010 —0.306 0.524 0.479 0.671
DGasp (T) (in kJ/mol) Vapor pressure
T (K) CH:CL: CHCI3 THF Ethyl acetate Acetone
303.15 1.079 1.213 0.709 1.950 0.502
308.15 0.972 1.013 0.622 1.956 0.473
313.15 0.863 0.810 0.534 1.958 0.442
318.15 0.754 0.609 0.448 1.961 0.413
323.15 0.643 0.406 0.361 1.961 0.382
328.15 0.532 0.204 0.275 1.960 0.352
DGasp (T) (in kJ/mol) Deformation polarizability
T (K) CH:CL: CHCI3 THF Ethyl acetate Acetone
303.15 -1.727 3.902 5.949 4.175 7.528
308.15 -1.819 3.645 5.781 4.100 7.346
313.15 —1.909 3.389 5.614 4.027 7.165
318.15 —1.999 3.133 5.446 3.953 6.984
323.15 —2.090 2.876 5.279 3.879 6.802
328.15 —2.181 2.620 5.111 3.805 6.621
DGasp (T) (in kJ/mol) Topological index
T (K) CH:CL: CHCI3 THF Ethyl acetate Acetone
303.15 7.609 7.860 3.478 2.601 5.765



308.15 7.350 7.532 3.355 2.555 5.615
313.15 7.092 7.205 3.233 2.510 5.466
Table A2. (Continued).
DGasp (T) (in kJ/mol) Topological index
T (K) CH:CL: CHCI3 THF Ethyl acetate Acetone
318.15 6.834 6.878 3.110 2.465 5.316
323.15 6.575 6.550 2.987 2.420 5.167
328.15 6.316 6.223 2.864 2.374 5.017
DGasp (T) (in kJ/mol) DHvap
T (K) CH:CL: CHCI3 THF Ethyl acetate Acetone
303.15 -0.757 0.864 0.101 -0.649 —-0.301
308.15 —0.865 0.662 0.038 —0.636 -0.342
313.15 -0.974 0.460 —0.024 —0.624 -0.382
318.15 —1.082 0.258 —0.086 -0.611 -0.423
323.15 —-1.191 0.056 —0.149 —0.598 —0.464
328.15 —1.299 —0.146 —0.211 —0.585 —0.504
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