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Abstract: It is essential to understand the adsorption of guest molecules on carbon-based materials
for both theoretical and practical reasons. It is crucial to analyze the surface properties of
carbon-based materials with a wide range of applications (e.g., catalyst supports, hydrogen storage,
sensors, adsorbents, separation media, etc.). Inverse gas chromatography (IGC) as a powerful
and sensitive technique can be used to characterize the surface physicochemical properties (i.e.,
Brunauer-Emmett-Teller (BET) surface area, surface energy heterogeneity, heat of adsorption, specific
interaction of adsorption, work of cohesion, glass transition temperatures, solubility, and so forth) of
various types of materials such as powders, films, and fibers. In this review, the principles, common
methods, and application of IGC are discussed. In addition, the examples of various experiments
developed for the IGC to characterize the carbonaceous materials (such as carbon nanotubes, graphite,
and activated carbon) are discussed.

Keywords: inverse gas chromatography; carbonaceous materials; surface analysis; physicochemical
properties

1. Introduction

Gas chromatography is a method often used to investigate gas—adsorbent and gas-liquid equilibria.
A variant of this method is inverse gas chromatography. The term inverse indicates that the material
studied is a nonvolatile stationary phase that is either liquid or solid. This modification of the classical
chromatographic approach was first introduced by Davis and Petersen [1]. There are a lot of research
studies in the literature describing the physicochemical characteristics derived from inverse gas
chromatography (IGC) experiments of silica, alumina, polymer and their blends, commercial stationary
phases, paper fillers, wood, minerals, carbon fibers, carbon blacks and graphite, and activated carbons.
Therefore, a review of the literature could help researchers’ better understanding and useful application
of the IGC method. Using this method is promising in the investigation of the surface activity of porous
material, which is challenging to measure by conventional methods such as contact angle. The effect
of modification on surface properties as well as the effect of the IGC experiment conditions such as
temperature and humidity can be evaluated [2].

Two different conditions may apply to perform IGC: infinite dilution (ID) and finite concentration
(FC). In IGC-FC, the small amount of injected salutes leads to deformation of the chromatographic
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peaks, and the measurement is based on the calculation of the peak deformation, adsorption isotherms,
and adsorption energies distribution. The IGC-ID is based on the calculation of the interaction level of
solid surface and probe molecules by the injection of very small amounts of probe molecules into a
chromatographic column. The degree of dilution is such that intermolecular interactions between the
adsorbed molecules can be neglected. A pulse of a very diluted vapor of probe molecules is injected
into the column, pushed by the carrier gas, after which the probe molecules explore the whole surface
of the solid statistically before leaving the column. The flow of solute molecules leaving the column is
detected and recorded [3,4]. In this review, a theoretical background of IGC and methods to calculate
the dispersive surface energy are described and compared. In addition, examples of application of
IGC to characterize the physicochemical properties (such as surface energy, acid-base properties,
solubility, etc.) of carbonaceous material (activated carbon, carbon nanotubes, carbon fiber, graphite,
etc.) are described.

2. Theoretical Background of Inverse Gas Chromatography

Characterization of the surface properties of solid materials is the main application of the IGC.
The measurement is based on the retention volume or retention time, which are the carrier gas volume
and time required to create a peak as a result of interactions of the probe molecule and the solid surface.
Different features of a material such as dispersive surface energy and acid-base properties can be
determined using IGC. The surface energy of the solid material is a combination of dispersive and
specific components.

2.1. Dispersive Component of Surface Free Energy

Two methods are used to calculate the dispersive component of the surface free energy, including
the Schultz method [5] and Dorris—Gray method [6], which are discussed in the next sections.

2.1.1. Schultz Method

Schultz and Lavielle [7] suggested a method to calculate the surface dispersive free energy. In this
method, the calculation of the surface-dispersive free energy (ySD) is based on the retention time
or volume of series of linear liquid n-alkane (non-polar) probe molecules at infinite dilution at the
Henry’s Law region [8]. While using the non-polar alkanes, there are no interactions between the
probe molecules; thus, the IGC chromatograms are symmetrical Gaussian [9]. The required time for the
non-adsorbing probe molecule to pass the column after injection into the column, the dead time (tp),
is typically determined using methane as an inert gas. The solute gross retention time is the required
time to pass the column completely (tr). The net retention volume (Vy;) of the probe is determined
by [9]:

VN =j-Fe(tr — to) 1

where j is the James-Martin correction factor, and Fc is the flow rate of carrier gas in the column.
The value of j is determined using Equation (2) [6,10]:
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where Py is the entering pressure and P; is the atmospheric pressure. The net retention time is an
average required time for the probe molecules in the adsorbed state. The value of the retention of the
test solutes (t'r) is the difference between the retention time of the peak of the probe (tg) and the gas
hold-up time (tys), which can be calculated using the Grobler-Balizs procedure [11,12].

'R = tr— tm 3)
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The value of tg corresponds to the first-order moment of the peak of the probe. The specific
retention volume (Vy) is the required volume of the carrier gas to push the probe molecules out of the
GC column. The exact quantity in terms of the experimental variable is [6]:

t'Rj-F-273.15
my,-T

3
Vg = > (4)
where T is the measurement temperature, m,, is the mass of the stationary phase. At infinite dilution,
the net retention volume (Vy) value of one or several probes is related to the concentration of the

adsorbate in the gas phase, and it can be determined as [10]:
VN =Ks5 ©)

where Kg is the surface partition coefficient, and S is the specific surface area of the examined material.
The standard free energy change of adsorption AG? of the probe on a solid surface can be shown as:

AGY = —RT Ln(VNPO) (6)

Sgm,

where R is the gas constant, S is the specific surface area of the adsorbate, and g is the weight of the
adsorbate in the column. Depending on the reference state Kemball and Rideal (Py = 1.013 x 10° Pa
and 7y = 6.08 x 107> Nm™) or DeBoer (P = 1.013 x 10° Pa and 7 = 3.38 x 104 Nm™!), AG? can be
written as [10,13]:

—AGY = RT LnVy +K (7)

where K is a constant for the chromatographic column.
RT LnVy = N-a-W, + constant (8)

where N is Avogadro’s number, a is the surface area of the probe molecule, and W is the adhesion
energy between probe molecules and solid per unit surface area of the solid adsorbate. When n-alkanes
are used as probes and dispersion interactions are only being exchanged, the energy of adhesion can
be obtained based on the Fowkes relation [10]:

1
Wa = 2(v7p)’ ©
1
—AG =RT LnVy = 2N-a(ySD VE)Z + constant. (10)
For n-alkanes yE = yg, thus:
1
—AG =RT LnVy = 2N-a(y5vy) + constant (11)

where yLD is the dispersive free surface energy of the probe molecule, ySD is a dispersive component

of the surface free energy of the solid, and vy is the surface free energy for non-polar hydrocarbons.

The RT LnVy is a linear function of the quantity (yy) } , and the slope of the straight line leads to the
ySD values.

2

p_ 1 (RT LnVy ) (12)

Ys = &
S 'yE 2N-a

When two alkanes of n and (n + 1) are used as probe molecules, the ySD can be expressed as:
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2.1.2. Dorris—Gray Method

Dorris and Gray [6] suggested another method to calculate the dispersive component of the
surface free energy. The ySD can be calculated by considering the increment of free energy of adsorption
per CH; group. The increase per CH, in the free energy of adsorption between two alkanes of n and
n+1 can be determined using [9]:

(Cn1Hon+4)
AGCH2 — _RT Ln| D2t (14)
V(CnH2n+2)
N
By applying Foweks principle, Equation (14) can be expressed as:
1
— AGtH2 = 2N-a(ysDng2)2 + constant (15)
2
1 (-AG
VP = (—) (16)
4vch, \ N-ach,

where acy, is the cross-sectional area of a CH; group, and ycy, is the surface energy of a CH; group
at the given temperature of T (K), which can be calculated by:

Ycu, = 35.6 +0.058(293 - T) A7)
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2.1.3. Comparison of Schultz and Dorris-Gray Methods

Generally, the dispersive results calculated from two methods of Dorris—-Gray and Schultz are
different in a similar condition of measurement. A comparison of two methods can help find the
differences in their results. The ratio of YSD,Dorristray and YSD,DSchultz can be calculated from Equations
(13) and (19):

D 2 (Cny1Honsa) 2.(Cny1Hony2)
YS,Dorris—Gray o an+1'YL " - an"Yy, " " (19)
D - 2,
Y5 DSchultz acy, YCH,

If the ratio value is higher than one, it means that the calculated dispersive free energy by the
Dorris—Gray method is bigger than that calculated using the Schultz method. Shi et al. [14] reported
that increasing the temperature resulted in an increment of the ratio. They have also reported that the
values of ySD were bigger than those calculated by the Dorris—-Gray method. In comparison with the
parameters in the solvents handbook, the calculated surface free energy parameters using the Schultz
method were not accurate enough. Another study by Ylda-Maihéniemi [15] confirmed that compared
to the ySD calculated with the Schultz method, the obtained value with Dorris—Gray is more accurate
with a much lower experimental error. On the other hand, Kotodziejek et al. [16] reported that the
ySD values calculated with the Dorris-Gray and Schultz methods for different hybrid materials were
without a certain difference.
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2.2. Specific Component of Surface Free Energy

During the polar probes injection, both dispersive and specific interactions are established with
the solid surface, thus:
AG = AGY + AGP. (20)

Based on the theory of Good-Van Oss:
\1/72 172
a6 =Na(v5) " + (i) ) @

where y;r and yg are the acidic and basic parameters of the solid surface, yf and y] are the acidic and
basic parameters of the probe molecules. For non-polar probes, y; = 0, and yf can be provided by the
literature. Thus,

AGP — 2N-a((ylfyg)” ? ) 22)

Therefore,
- sp o 2 +
Ys = (AGacidic/ (ZN.aaCIdm)) (1/ yacidic)' (23)

Similarly, the y; can be written as:

2
+ _ sp +
Ys = (AGbasic/(zN.abaSiC)) (1/Yacidic) (24)
1
vé =2(vivs)* (25)
and the total surface energy (yg) is calculated as follows:
Ys = vs + s (26)

The adsorption enthalpy, AHgp, assigned to the acid-base interactions can be determined as
follows [10]:
AGgp = AHgp — TASgp (27)

where ASgp is the adsorption entropy of acid-base interactions. Following Papirer’s approach [17],
the values of K4 and Kp were calculated using:

— AHgp = K5'DN + Kg-AN". (28)

The K4 and Kp are describing the acid and base characteristics of the solids, while DN and AN*

are Gutmann’s numbers for the acceptor and donor probes. The K and Kg values can be calculated

(=AHsp) DN .
AN versus

from the plot of AN

—(AHgp DN
( NN ) _ Kaaqe T K- (29)

IGC is a powerful, sensitive, and quick method to evaluate the surface properties of different
kinds of materials such as films, fiber, and powder in crystalline or amorphous structures such as
copolymers, polymer blends, pharmaceutical materials, and nanomaterials [18]. By increasing the
interest in material science, the IGC was invented in 1967, and the theory and methodology of IGC
were developed at the beginning of 1976 [10]. Various surface characterization and a wide range of
information about physicochemical properties can be obtained using this technique, such as solubility,
thermodynamic interaction parameters, glass transition temperatures, surface area, surface energy
heterogeneity, diffusion kinetics, acid-base properties, work of cohesion, work of adhesion, adsorption
isotherms, and polar functionality on the materials surface.
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3. Applications of IGC for Carbonaceous Materials

Since carbonaceous materials are broadly used in many fields of industry, especially as adsorbents
and catalysts, the investigation of surface properties and interface characterization, interfacial tension,
and surface energy are attracting more attention. IGC is an accurate and well-established method
to study the physicochemical properties of the surface of various materials such as pharmaceutical
materials, nanomaterials, fibers, porous materials, and carbonaceous materials.

Table 1 summarizes the results of different investigations on the surface properties of carbonaceous
materials such as surface area, sorption free energy, surface energy, enthalpy, entropy, and acid-base
properties. The application of IGC to analyze the surface properties of carbon nanotubes (CNTs),
carbon fibers, and activated carbons is discussed in the following sections.

Table 1. Surface properties of carbonaceous materials.

Parameter Compounds Reference
Coal [19]
Activated carbon [20-23]
Sorption free energy Polymerized graphitic carbon nitride sheets [24]
Carbon nanotubes [25-28]
Graphene [29-31]
Activated carbon [20,22]
Carbon fiber [32]
Sorption enthalpy Carbon nanotubes [17,25,33]
Fluorographene [34,35]
Graphene [31,36,37]
Graphite [26,38]
Fluorographene [34,35]
Sorption entropy Graphene [31,36]
Carbon nanotubes [25]
Coal [19]
Activated carbon [20,23,39]
Carbon black [37]
Dispersive surface energy Carbon fiber [32,40—44]
Carbon nanotubes [17,25,27,28,45-47]
Graphene [29-31,48]
Graphite [24,49,50]
Activated carbon [23]
Carbon fiber [18,32,40]
Acid/base number Carbon black [37]
Polymerized graphitic carbon nitride sheets [24]
Carbon nanotubes [17,47,51]
Graphene [30,31]
Specific interaction parameter Activated carbon [20]
Carbon nanotubes [28]
Specific surface area Activated carbon [39]
Carbon fiber [52]

Hansen solubility parameters

Carbon nanotubes

[33,53,54]
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3.1. Carbon Nanotubes

Carbon nanotubes (CNTs) with unique and remarkable intrinsic chemical and physical properties
such as a large specific surface area, mechanical strength, stiffness, and high electrical conductivity have
high potential for use in a wide range of applications in various field such as filtration, heterogeneous
catalyst, energy storage, gas sensors, and hybrid nanocomposites.

Their main applications were noncovalent adsorption or the wrapping of various functional
molecules and the covalent attachment of chemical groups through reactions onto the 7-conjugated
polymers of CNTs. CNTs are ideal candidates as advanced reinforcing materials in composite materials,
owing to their outstanding mechanical and electrical properties [55]. The investigation of CNTs’
surface properties using analytical techniques are crucial. In nanocomposite applications, the chemical
modification of CNTs is an effective method to increase the dispersion uniformity and strong bond
to the matrix to enable effective stress transfer. Furthermore, their low concentration of surface
groups, heterogeneity, low solubility, high optical absorbance, high surface area, and small size
limited many characterization techniques. In this area, IGC is a powerful technique. The surface
characterization of CNTs has been investigated by different conventional analytical methods such
as scanning electron microscopy (SEM) [56], transmission electronic microscopy (TEM) [57], X-ray
photoelectron spectroscopy (XPS) [58], scanning tunneling microscopy [59,60], photoluminescence
spectroscopy [61], neutron diffraction [62], infrared spectroscopy [63], Raman spectroscopy [64],
electrophoretic zeta-potential measurements [65], and Boehm’s titration [66]. Applying IGC as a
powerful method combined with other techniques such as Fourier-transform infrared spectroscopy
(FTIR), transmission electron microscopy (TEM), and thermal gravimetric analysis (TGA) can provide
useful complementary information on the surface characterization of materials. Researchers have
used IGC as a method to measure the surface energy and acid/base properties of the gas diffusion
layer of proton exchange membrane fuel cells [67,68] and to identify relative humidity effects on the
hydrophobic nature of gas diffusion layer (GDL) [69].

The IGC technique has been applied to investigate the adsorption of different alkanes, aromatics,
and chlorohydrocarbons onto three kinds of nonmicroporous carbons, including multi-walled carbon
nanotubes (MWCNTs), carbon nanofibers (CNFs), and high surface area graphite (HSAGs) [25].
The enthalpy of adsorption of HSAG is higher than that of CNTs and CNFs; hence, adsorption on CNTs
and CNFs is less energetically favorable than adsorption on HGAS. Thus, HSAG had considerably
higher adsorption capacity compared to CNTs and CNFs. The surface energy and acid/base properties
of MWCNTs and their derivatives using different probe molecules and conditions of near-zero surface
coverage of MWCNTs were investigated by Zhang et al. [70] and found that the surface modification
of MWCNT is strongly affecting the acid/base characters.

The IGC analysis is mainly considered as one of the standard methods for the surface
characterization of CNTs with polymer blends. Gerencser et al. [43] reported that the IGC is an
efficient technique to characterize the surface properties of untreated and treated MWCNTs with the
olefin maleic-anhydride—ester-amide copolymer (OMAEA) coupling agent. They have investigated
the specific and dispersive surface energy (ygb and ySD) and acidic and basic component of the surface
energy (ys+ and ys-) by using n-hexane, n-heptane, n-octane, n-nonane, chloroform, and toluene
as test probe molecules. The IGC experiments were carried out at a column temperature of 353 K.
The Dorris-Gray method was used to calculate the yg, and van Oss—-Chaudhury-Good theory with the
Della Volpe scale was applied to calculate ygb. As shown in Figure 1a, the dispersive surface energy
(yls)) of modified MWCNTs decreased considerably.

Debey, Kessom, and London ascribed the strong physical attraction of untreated MWCNTs to
their high dispersive surface energy and high agglomeration tendency. The attachment of OMAEA on
the surface of MWCNTs caused a reduction in the dispersive surface energy of MWCNTs, indicating
that the coupling agents are affecting the dispersive surface energy. The specific surface energy (ygb)
of modified MWCNTs increased by more than fourfold compared with that of untreated MWCNTs,
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which confirmed the enhancement in the connection between polar probes and modified MWCNTs
(Figure 1b).

As shown in Figure 2a, the dispersive surface energy probability function of the MWCNTs became
more spread out by surface modification, indicating a higher degree of energetic surface heterogeneity.
The small changes in the surface energies of untreated MWCNTs indicate that its surface is energetically
homogeneous. Surface modification led to a greater variation in ygb, suggesting that the surface
of the OMAEA-modified MWCNTs is energetically heterogeneous (Figure 2b). The ygb of treated
MWCNTs showed a higher value compared to untreated MWCNTs, which was due to increasing the
concentration of polar clusters on the surface of MWCNTs [45].
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Figure 1. (a) ySD profiles, and (b) ygb profiles of untreated multi-walled carbon nanotubes (MWCNTs)
and modified MWCNTs with olefin maleic-anhydride—ester-amide copolymer (OMAEA) [45].

Mengzel et al. [71] investigated the surface properties of the as-received and surface-modified
CNTs using IGC (Dorris-Gray method, measurement temperature of 100 C, and probe molecules of
C6—C8, ethanol, ethyl acetate, butanone, benzene, dioxane) in terms of specific free energy values, Ka
and Kp numbers, and Henry’s constant. They found that the results obtained using IGC were in good
agreement with the available data obtained from conventional methods to analyze the surface.
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Figure 2. (a) ySD probability functions, and (b) ygb probability functions of untreated MWCNTs and
modified MWCNTs with OMAEA [45].

A potential problem in measuring the thermodynamic properties of carbon nanomaterials is the
convolution of the surface chemistry and surface structure effects. The effect of the structural and
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chemical surface properties of the solid on the adsorption can be investigated by using the probe
molecules with different structures but similar cross-sections and chemical functionality. The surface
chemistry of the solid can be studied by employing the chemically different probe molecules with
similar structures and similar cross-sections. Menzel et al. [28] introduced a method to study the
structural and chemical properties of the solids separately to deconvolute and separately quantify
the contribution of both surface structure and surface chemistry to the retention behavior of organic
vapors. They have used the following equation to harmonize the units of the dispersive component of
surface energy (ySD) and specific free energy (AGsp) [20,72,73]:

AGsp
P = ANy

(30)

where a is the molecular cross-section of the adsorbate, N is the Avogadro constant, and Isp (mJ/m?)
is stated as the specific interaction parameter for a polar probe molecule.

The surface properties of different carbon nanomaterial samples, including commercial, annealed,
and oxidized MWCNTs, have been studied by Menzel et al. [28]. The samples had different chemical and
structural surface properties, but other properties such as the porosity, mean diameter, and curvature
were similar. The measurements were conducted using different structural probes of n-hexane
(Cg), 2-methyl pentane (CsMe), and 2,3-dimethyl butane (C4Me,), and different chemical probes of
2-pentanone and 2-pentanol (Figure 3). The higher value of the specific interaction parameter of
2-pentanol by the oxidized CNTs (shown in Table 2) suggested the large concentration of polar surface
groups and noticeable chemical heterogeneity. Similar values of dispersive surface energies of around
94 m]J/m?, which is a typical value for the YSD of graphitic carbon materials [74], show that the potential
of the CNTs to interact with probe molecules through dispersive van der Waals forces were retained
after modification. The surface chemistry and type of probe molecules affect the ability of CNTs to
interact through specific forces [75]. As shown in Table 2, the specific interaction parameter of oxidized
CNTs is higher than as-received and annealed CNTs. The higher values of the specific interaction
parameter I, are correlated with the higher micropore volume of the carbonaceous material after
treatment. Diaz et al. [20] reported that the Isp of activated carbon is not correlated with the functional
groups such as oxygenated groups but rather influenced by their organic and topographical structures.

CH, CH, o
H,C CH,  HC )\/\cm HyC )J\/\CHs
CH,
2,3-dimethyl butane 2-methyl pentane 2-pentanone

OH

NN )\/\
H,C CH, H,C CH

n-hexane 2-pentanol

3

Figure 3. Structural probes (2,3-dimethyl butane (C4Mejy), 2-methyl pentane (CsMe), n-hexane (C¢))
and chemical probes (2-pentanone (C5=0), 2-pentanol (C5-OH)).

The differences in the retention time of three structural probes (CsMe,, CsMe, Cy) of different
samples of CNT were small. The weakest adsorption (shortest net retention time) was observed for the
most branched isomer of C4Me; probe, while slightly stronger adsorption was seen for CsMe, while the
unbranched Cg molecules experienced the strongest retention. The small differences in retention time,
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tn, between hexane isomers are likely because the unbranched hexane molecules are more flexible and
therefore able to adjust their conformation upon adsorption to increase their contact area with the
high-energy surface of the CNTs, while the branched molecules are more rigid and less able to adapt
upon adsorption. The consistent retention of the three structural probes by all three samples strongly
indicates that there are no major differences in the geometric surface structure of the CNT materials.

Table 2. Net retention time, dispersive component of surface energy, and specific interaction parameter
of CNTs (C4Me;: 2,3-dimethyl butane, CsMe: 2-methyl pentane, C4: n-hexane, C5=0: 2-pentanone,
C5-OH: 2-pentanol) [28].

Net Retention Times, t, (min)

D 3 -
Sample Structural Probes Chemical Probes ¥s Lsp(2 pentaznone) Lsp(2 pent: nol)
(m]J/m?) (m]J/m?) (mJ/m?)
C4Me2 C5Me Cg C5=0 C5-OH
As-received 0.24 0.3 0.46 0.46 1.08 94 18 27
Annealed 0.21 0.27 0.4 0.32 0.45 94 15 15
Oxidized 0.23 0.28 0.44 0.48 211 94 20 35

The difference in the retention time of the chemical probes can be due to the chemical functionality
of the solid surface. As a result of the analogous molecular structure of these adsorbates, the differences
in the adsorption/desorption behavior of these chemical probes cannot be affected by the minor
structural differences, and therefore, they can be directly related. The retention of the two chemical
probes differed significantly, indicating specific interactions between the carbonyl and hydroxyl groups
of the probes and the polar functional groups on the CNT surface. Among these samples, the annealed
CNTs had smaller net retention times, indicating a more homogeneous surface structure which is
probably because of the lower concentration of polar surface groups.

3.2. Graphite and Graphene

After graphene discovery, it was demonstrated that graphene can be a promising material for
a variety of applications such as electronics to medicine. The potential application of graphene can
be broadened by various modes of functionalization, such as the noncovalent binding of molecules
and nanoparticles. The investigation of dispersive surface energy and enthalpies of adsorption of
polar compounds indicated that the dispersive contribution of the enthalpy of adsorption is more
important than a specific one. The nature of high surface energy sites in few-layer graphene and
graphite nanopowders as a function of surface coverage was investigated by IGC [38]. Compared with
the few-layer graphene, the graphite powder showed considerably more high-energy sites; hence,
by increasing the surface coverage in the range between 0.1% and 20%, the adsorption enthalpy of
graphite increase more slowly. The adsorption enthalpies measured at the surface coverage lower than
3% corresponded to adsorption to surface steps and edge cavities; although for the higher surface
coverage, the adsorption enthalpies were attributed to the flat surface. Another study by Lazar etal. [76]
indicated that the combination of the experimental and theoretical quantification of adsorption of
organic molecules on the surface of graphene showed that the adsorption enthalpies were controlled
mostly by the interaction energy [76]. The theoretical adsorption enthalpies obtained from ab initio
molecular dynamics were in good agreement with the experimental results.

Lazar et al. [50] measured the dispersive component of the surface energy of graphite fluoride (CF),
using IGC. They have reported that the van der Waals force, which is weaker than the corresponding
forces in graphite, was responsible for holding the individual CF layers together. The comparison of
the computational data with experimental results showed good agreement for fluoride graphite with
the C/F ratio close to one [50]. The isostatic adsorption enthalpies and entropies of volatile organic
compounds to 2D dimensional carbon-based materials, including graphene and fluorographene, as a
function of surface coverage, were studied by Otyepkova et al. [34]. Applying FC-IGC and ID-IGC to
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investigate a series of milled graphite in the function of the milling time parameter and oxygen content
proved that the IGC is a powerful method to analyze the surface [77]. Increasing the milling time
caused a considerable increase in dispersiveness of the surface energy (ySD). The milling of graphite
induced the formation of high-energy sites and increased the nano-roughness surface characteristic of
the lateral surface of lamellar solids.

The solubility parameters theory has been used to study the solubility and dispersibility.
The interaction of nanomaterials, such as graphene, and solvents, occur at their surface. Therefore,
for these materials, the Hansen-like solubility parameters based on surface energy seem to be more
applicable than Hildebrand parameters based on cohesive energy densities. The surface energy is an
important parameter to determine the interaction of nanomaterials and solvents [54]. The surface
energy is a combination of dispersive interactions, which are representative of van der Waals forces
and polar interactions, which themselves are representative of acid-base interactions, hydrogen
bonding, and 7—m stacking [78]. Dai et al. [29] studied the surface properties of graphene oxides
samples. The surface energies and dispersibility of different types of graphene oxide (GO) have
been investigated. They found the relation between dispersion state and polar component (6p) and
hydrogen-bonding component (85;) of solvents.

The surface energy and the C/O ratios, which are dependent on the surface groups and degree
of the modification, affect the ép and &y3. As shown in Figure 4, the ySD is increased by increasing
the C/O ratios. The number of oxygen-containing groups of reduced graphene oxide (rGO) is lower
than that of GO, which results in a higher value of ySD of rGO. The contact angle measurement results
showed that the hydrophilicity of the GO samples is as follows: rGO < EG-rGO < GO < COOH-GO.
The considerable decrease in the hydrophilicity of rGO can be attributed to the presence of less
oxygen-containing groups on the surface compared with carboxylated GO, which contains several
oxygen-containing groups (such as -C-OH, -OH, C=0, and C-O-C). They have reported that the
lower amount of polar oxygen-containing groups of the materials resulted in the smaller values of
polar and total surface energies. The dispersibility of all GO samples was dependent on the degree of
modification, surface groups, and Hansen solubility parameters of solvents.
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Figure 4. Correlation of surface free energy and solubility parameter and C/O ratio.
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The surface properties of thiourea and melamine-derived graphitic carbon nitrides (T-GCN/M-
GCN) have been evaluated using IGC by Sreekanth et al. [24]. The dispersive surface free energies
(YSD) evaluated using both Schultz and Dorris—-Gray methods showed a linear reduction by increasing
temperature (Table 3), indicating that the surface of the solid polymeric materials undergoes a structural
change, and the probe molecules penetrate the solid polymeric materials. Increasing the temperature
resulted in an increase in the molecules distance in the polymer, and consequently, the negative
temperature gradient of ySD was observed.

Table 3. Surface properties of surface-modified graphitic carbon nitrides.

. Samples
Properties
M-SCN T-GCN
100 °C 4422 51.98
D 110 °C 36.36 49.7
Vs (Schultz) 120 °C 32.38 483
130 °C 31.25 40.7
100 °C 41.36 48.52
D o 110 °C 34.55 47.25
Vs (Dorris-Gray) 5o 31.46 46.9
130 °C 30.9 40.3
K (Schultz) 0.093 0.179
Kp (Schultz) 0.376 0.736
Kp/Ka 4.04 411
BET (m?/g) 5.67 12.93

The dispersive energy is inversely proportional to the sixth power of the separation distance
between the molecules. Thus, raising the temperature resulted in increased distance between molecules
and consequently reduced dispersive energy [24,79]. Gutmann’s Lewis acid-base parameters, K5 and
Kp, of M-GCN and T-GCN were calculated using the surface free energy through various methods.
The comparison of the K4, Kp, and Kp/K, values shown in Table 3 indicated that the surface of both
samples has more basic sites than acidic, which could make a strong interaction between the basic sites
and acidic media.

3.3. Activated Carbon and Carbon Fibers

Activated carbon is extensively used in different industries. IGC was used to investigate the
surface properties such as surface energy and surface area of different activated carbons to investigate
the effect of various treatments on their characteristics. Examples include changes in the pore structure
as a result of heat treatment, the development of porosity in carbons, changes in surface structure
and surface chemistry as a result of oxidation, changes in surface heterogeneity due to chemical
modifications, and the suitability of carbons for removing certain pollutants [13].

IGC was used to study activated carbons in various terms such as surface chemistry, surface
heterogeneity, surface area, and pore structure changes. Capillary column, flame ionization detector
(FID), and thermal conductivity detector (TCD) were used in IGC to have a fast and sensitive
measurement and separate the probe’s component before entering the IGC column. Thus, the modified
IGC s an appropriate and fast method compared to the conventional IGC method in the characterization
of porous materials [4]. Thielmann and Pearse [80] used finite concentration IGC (IGC-FC) to determine
the surface heterogeneity of different types of graphite. They have reported that IGC is a quick and
accurate technique to determine the adsorption of probes at the surface of graphite samples and
provides additional information on different adsorption mechanisms and polar sorption sites in order
to have a better understanding of the interaction process in blends quality control.
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Pal et al. [23] investigated the surface energy and acid-base properties of surface-treated AC
with KOH and H; using IGC. Compared with the other samples, Hp-treated AC showed the highest
surface energy due to the higher basicity and lower oxygen content after Hy treatment, which was
confirmed by CHN and XPS analysis. The treatment of AC using H, and KOH resulted in a decrease
in surface energy. It is observed that the dispersive surface energy dominates for all AC samples.
The Gutmann base constant (Kp) of all samples was higher than the Gutmann acid constant (K4 ),
which was attributed to the high concentration of basic functional groups on their surfaces [23].

Huber et al. [80] prepared the monolithic, nitrogen-doped carbon adsorbent from resorcinol-
urea—formaldehyde resins.  The synthesized material was physically activated with CO;.
The physicochemical characteristics and water sorption behavior of the materials at various activation
times were investigated. The results revealed that the value of the energy of adsorption and surface
energy is the highest for the non-activated carbon and the lowest for the carbon activated in CO;.
Singh et al. [39] observed the maximum value for the free energy of adsorption, and the surface energy
for the sample occurs when the sample was activated in CO, for the shortest period. Longer activation
times lead to a slight decrease in the free energy of adsorption, which may be due to the pore widening
during activation. These observations are in agreement with the results of the study by Huber et al. [81].

The surface characteristics of granular activated carbon (GAC), such as porous structure, surface
chemistry, and free energy distribution, are affecting its adsorption behaviors [21]. The chemical
heterogeneity and free energy distribution of GAC, affected by functional groups on the surface of
AGC, are changing the adsorption of organic and inorganic compounds [21,82,83]. The acid properties
of GAC are influenced by carboxylic, phenolic (hydroxyl), carbonyl, lactone, and carboxylic acid [84],
and the basic features are affected by chromen and pyron [85,86]. The presence of other functional
groups may be predicted because the surface chemical structures of GAC were not clarified entirely
(Figure 5).

Carboxyl Lactone
0 OH 0 Phenol

Chromene

Carbonyl

Figure 5. Surface functional group on carbonaceous materials.

Contaminated carbon fiber (CF) may affect their end-use in reinforced composite materials.
Li et al. [43] investigated the surfaces of CFs, which were stored in polyolefin zip-lock bags for possible
contamination at different storage times. The 1/15) and ygb profiles of the CFs at different storage times
are shown in Figure 6. In comparison with the zip-lock bag stored fibers, the CFs from the spool with
higher dispersive and specific surface energy are energetically more active and more heterogeneous
and decreased by increasing the storage time.

Jager et al. [41] evaluated the yts, ySD, and ygb, as well as the specific free energy of desorption
(AG(S)P) of unsized and sized carbon fiber composite (CFs) using IGC, and found that the changes
in the surface energy of CFs affected the interfacial adhesion and wettability of CFs. Kafi et al. [42]
investigated the physicochemical properties of the CFs and found that higher oxygen content and high
surface polarity is associated with their surface chemical homogeneities.

Huson et al. [40] measured the dispersive surface energy of different carbon fibers (CFs) using polar
and non-polar probes at 70 and 120 °C. The higher temperature of 120 °C was used for the oxidized
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sample due to its higher total surface energy. Both the unsized fibers exhibit high maximum ySD values
in excess of 90 mJ/m?, which is typical of graphitic carbon materials. Oxidation results in an increase
in polar groups on the surface of the fiber and a slight decrease in YSD- The energetic heterogeneity
of the unoxidized fiber is solely due to a range of dispersive energies, whereas the oxidized fiber is
heterogeneous in both dispersive and acid-base surface energies (Figure 7). Sized fibers exhibited an
increased specific and total surface energy leading to increased polarity. The overall polarity of the
carbon fibers is reported as follows: unoxidized < oxidized < sized. This increased polarity in the
sized fiber is consistent with the fact that sizing is known to improve the wettability of carbon fibers
due to the polar species in the epoxy polymers.
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Figure 6. Time sequences depicting the change in (a) ySD and (b) ygb values of carbon fibers (CFs) [43].
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Figure 7. (a) Dispersive surface energy and (b) specific surface energy for the oxidized, unoxidized,
and sized carbon fiber [40].

Table 4 shows the surface energy of different carbonaceous materials with surface modification.
The surface modification resulted in changes in surface energy heterogeneity [45]. Pal et al. [23]
investigated surface unmodified and modified Maxsorb III and found that the dispersive surface
energy for carbon samples is very high, which is above 200 mJ/m?. Higher surface energy values are
obtained at higher surface coverage. At first, at very low surface coverage, the higher energy sites were
occupied by probe molecules, and then at higher surface coverage, the lower energy sites were occupied.
Higher ySD values of Hy-Maxsorb III are ascribed to the presence of oxygen content and functional
groups on its surface, which is lower than that of untreated Maxsorb III. The same trends were observed
for ygb. Luo et al. [27] reported that the amino-functionalization of the MWCNTs surface resulted in
reduced ySD values. The dispersive component of the surface energy is related to the surface density of
the atoms, polarizability, and ionization energy of MWCNTs. The high ySD of MWCNTs (122.95 m]/m?)
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indicates its high agglomeration tendency. After modification, the surface polar groups are replaced by
amino-organics with lower polarity. Thus, amino-organics grafted MWCNTs had lower dispersive
surface energy of 18.65 and 25.69 mJ/m? for different amine-modified MWCNTs, respectively.

Table 4. Surface energy of different carbonaceous materials.

D ab
Sample Ys 2 s 2 Method Alkanes Polar Probes Temperature Ref.
(mJ/m®)  (mJ/m?)
Corax N774 304 132 CH,Cl,, CHCl;,
Corax N326 53.54 52.2 i Butan-1-ol, Ethyl acetate, o
Corax N134 90.1 196  DomisCray  C5-C9 1,4-dioxane, Pyridine, 30°C 1571
Corax N220 107.0 22.2 Tetrahydrofurane
Maxsorb III 213-250 11-15 Acetonitrile, Ethyl acetate,
H,-Maxsorb III 250290 24-32  Dorris-Gray C6-C8 Acetone, Ethanol, 140 °C [23]
KOH-H,-Maxsorb IIT  220-260 13-18 Dichloromethane,
Chloroform, Ethyl acetate,
Carbon fiber (CFs) 43.2 21.5 Schultz C6-C9 Acetone, Ethanol, 30°C [43]
Dichloromethane
Oxidized CFs 93.5 58.2 Chloroform, Ethyl acetate, 120 °C
Unoxidized CFs 104.2 7.5 Schultz C7-C9 Acetone, Acetonitrile, 70 °C [40]
Sized CFs 33.9 38.0 1,4-dioxane 70 °C
CFs 53.38 41.10 Chloroform, Ethyl acetate,
Clay@CFs 63.35 67.04 Schultz C6-C9 Af:etone, Ethanol, 120 °C [44]
Dichloromethane
Pristine MWCNTs 122.95 8.84
Dicyanodiamide- 18.65 0.56 Di h}bluem;
MWCNTs ' ' Schultz C7-C10 rchioromethane, 100 °C [27]
. . Ethanol, 1,4-dioxane,
Phenylbiguanide- 25.69 460 A
MWCNTs : : cetone
GO 78.9 57.1 .
Dichloromethane,
COOH-GO 83.3 85.1 Dorris-Gray C6-C9 Tetrahydrofuran, 40 °C [29]
rGO 106.8 8.64 Ethyl acetate
EG-rGO 92.8 38.2

The specific component of surface energy is correlated with the functional groups and sites of
polar probes; hence, some amendment with the surface wettability is expected. Niu et al. [19] used
IGC to study the surface energy and hydrophilicity of different samples of coal and introduced the
hydrophilicity index. The hydrophilicity index was calculated using:

e y®

Hydrophilicity index = 7 (31)
The surface energies and the hydrophilicity index of the coal samples are shown in Table 5 and
Figure 8. The flotation of coal samples increased in the following order: SBL > CJT > AY > SHM >
JJ, while the hydrophilicity index decreased in the same order. The JJ coal with the highest flotation
concentrate yield owns the lowest hydrophilicity index. They also reported that the work of adhesion
of samples had a similar trend with the hydrophilicity index that can indicate the wettability of the
samples. There is a good correlation between the hydrophilicity index, which is calculated from the
surface energy of the coals and their flotation yield, and the introduced parameter can be used as a

promoting factor to predict the flotation recovery of fine coal in industry.
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Table 5. The results of ySD, ygb, yg, and hydrophilicity index of the coal samples [19].

Sample Name

¥ (mJ/m?)

Y& (mJ/m?)

Y5 (mJ/m?)

Min Max Min Max Min Max
Shanbula (SBL) coal 11.61 79.37 9.57 164.56 22.05 189.32
Caojiatan (CJT) coal 7.44 32.53 6.12 101.86 13.51 129.01
Anyang (AY) coal 5.1 161.49 3.01 100.83 8.14 259.55
Shanghaimiao (SHM) coal 19.22 132.25 5.09 34.2 24.1 131.39
Juji (J]) coal 10.22 87.61 5.05 20.48 15.32 103.98
09
@ Flotation Yield 84.23
0.8 A —&— Hydrophilicity index
72.08
0.7 4
0.6 -

e
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Figure 8. Flotation yield and hydrophilicity index of coal samples.
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Darmstadt et al. [87] investigated the surface properties of commercial carbon blacks and carbon
blacks obtained by vacuum pyrolysis of different types of used rubbers. They found a correlation
between the dispersive components of the surface energy and the specific interaction of carbon blacks.
The specific interaction for the different probes changed similarly, and for all samples, the same trend
was observed for the free energies of adsorption. Strzemiecka et al. [37] characterized the carbon black
and correlated the surface chemistry using IGC, TGA, and XPS. The results indicated that the carbon
black samples with lower specific surface areas (Corax N774 and Corax N326) had lower K5 /Kp values
that reveal the basic character mostly due to the C-O and C=0 groups on their surface. In contrast,
Corax N220, with the highest specific surface area, had an acidic character with a high value of Ks/Kp,
owing to its high ~OH content (Figure 9). They have also reported that the ygb and g of all samples,
except Corax N326, with the highest content of oxygen and C-O groups, increased by increasing their

specific surface area [37].
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Figure 9. Chemical statistical analysis of the surface chemistry of carbon black samples.
4. Conclusions

Inverse gas chromatography (IGC), as a sensitive technique, is undoubtedly helpful to many
industries. In spite of numerous research and publications in the last decades, the IGC technique,
which is attractive to scientists in various fields, is still developing. The results of research experiments
on a wide range of carbonaceous materials in different shapes and morphologies have evidenced that
IGC is successfully applied to characterizing different surface properties. Its versatility, as well as high
accuracy and simplicity, can establish its position as an indispensable part of analytical laboratories.
As reviewed in this work, IGC as a versatile, highly accurate and simple technique is a complementary
tool to provide additional information on the solid-state properties, in particular, the surface properties
of materials to aid the understanding of material changes under various conditions, as well as their
behavior during processing.
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