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ARTICLE INFO ABSTRACT

Keywords: Inverse gas chromatography (IGC) has emerged as a highly sensitive, adaptable, and effective technology for
Surfaces material analysis. Through employing thermochemical approaches, IGC provides crucial insight into physico-
Interfaces

chemical information of materials such as dispersive surface free energy, Gibbs surface energy components and
Guttamann Lewis acid-base parameters. In this comprehensive review, we delve into the historical background,
instrumentation, and diverse applications of IGC. Researchers and practitioners will find valuable information on
the selection and description of numerous models used in IGC experiments. The applications of IGC span various
domains, including polymers, medicines, minerals, surfactants, and nanomaterials. Furthermore, IGC facilitates
the measurement of important parameters such as sorption enthalpy and entropy, surface energy components
(dispersive and specific), co/adhesion work, glass transition temperature, surface heterogeneity, miscibility,
solubility parameters, and specific surface area. These insights contribute to a deeper understanding of material
behavior and aid in the design and optimization of advanced materials. Moreover, the integration of computer
vision and image processing techniques with IGC has enhanced our understanding of materials intricate surface
texture, roughness, and related properties. This convergence of IGC with computer vision and artificial intelli-
gence (AI) presents exciting opportunities for future exploration of chemical materials, opening new avenues for
research and discovery. This paper not only provides a comprehensive overview of IGC, its techniques, and
applications but also highlights the synergistic potential of combining IGC with AI and computer vision. The
informative content and insights presented here will benefit researchers, scientists, and professionals in the field
of advanced materials, enabling them to leverage IGC and AI for innovative materials discovery and
development.
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1. Introduction

Inverse gas chromatography (IGC) has evolved as a powerful tech-
nique for investigating the physicochemical properties of materials. Its
origins can be traced back to the pioneering work of Martin and Synge,
who utilized chromatography to determine partition coefficients of
liquids [1]. Nevertheless, it was the contributions of researchers such as
Wicke, Glueckaf, Cremer and Prior, and James and Phillips that
demonstrated the potential of gas chromatography (GC) for physico-
chemical investigations, including the determination of adsorption iso-
therms [2]. In the early 1960s, A. V. Kiselev a prominent researcher in
surface chemistry and chromatographic research, introduced the term
“inverse gas chromatography” to describe the utilization of GC for
studying solid surface properties [3,4]. Kiselev and his co-authors dis-
cussed the broad range of capabilities of GC in determining character-
istics such as activity coefficients, entropies and heats of solution,
molecular weight, vapor pressure, adsorption isotherms, surface free
energies, diffusion coefficients, heat and adsorption entropies, internal
diffusion activation energies, and hydrocarbons boiling points. During
the 1960s, the orderly use of GC for computing the physicochemical
parameters of solid surfaces gained significant attention [5-13].

Smidsrod and Guillet made significant contributions to the
advancement of IGC by utilizing GC to study nonvolatile materials [14].
In IGC, nonvolatile materials are utilized as stationary phases, and their
interactions with volatile solute probes are measured to obtain infor-
mation about their physical and chemical states [15-18]. This approach
offers a flexible, precise, and efficient means of measuring thermody-
namic and physical properties of nonvolatile materials with respect to
temperature range. Specifically, IGC offers valuable insights into
solute-polymer interactions in highly concentrated polymer solutions,
with numerous applications in industries alike inks, paints, solvent
removal, surface coatings. The scope of IGC extends to the character-
ization of various nonvolatile materials, including polymers, bio-
polymers, conducting polymers, fibers, composites, hydrocarbons,
paper, fillers, minerals, food products, drugs, and nanomaterials
[19-30].

IGC has also been employed to investigate the interaction between
different components in mixed stationary phases. For example, the
Flory-Huggins interaction parameter can be determined via IGC for
polymer blends and combinations of polymers with fibers or pigments
[31]. Regarding its application in providing thermodynamic data, IGC
serves as a valuable tool for studying a wide range of phenomena and
properties. These include phase transitions, adsorption properties, sur-
face energies and more [32,33]. The technique allows for the determi-
nation of various parameters, such as Kovats retention indices, molar
Henry coefficients, partially molar free energy differences, solute weight
fraction activity coefficients at infinite dilution, Hildebrand and Hansen
solubility parameters [34]. It also enables the characterization of crys-
tallinity in semi-crystalline polymers, evaluation of polymer surface
roughness, analysis of phase separation in immiscible polymer blends,
identification of surface regions in the stationary phase, measurement of
melting temperature and glass transition temperature, determination of
solid surface energy including dispersive and specific components,
analysis of enthalpy and entropy of adsorption, and exploration of Lewis
acid-base characteristics on solid surfaces [35]. These capabilities of IGC
contribute to a comprehensive understanding of materials and their
surface properties. The diverse range of data that can be obtained
through IGC, coupled with the ongoing advancements in thermody-
namic theory, positions this approach as indispensable for gaining in-
sights into the behavior of materials in the field of materials science.

In addition to the progress made in IGC, the integration of artificial
intelligence (AI) holds great promise for materials science and engi-
neering. The advancements in Al and image analysis have significantly
enhanced sensor-based data exploration in various image-based intelli-
gent tasks, including object detection, classification, segmentation, ac-
tion recognition, and pose estimation, using diverse sensor systems
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[36-42]. By combining IGC with Al image analysis techniques, machine
learning, and data analysis algorithms, we can tap into new possibilities
and gain deeper insights into the characterization and exploration of
advanced materials. The convergence of IGC and Al opens up avenues
for enhanced data processing, pattern recognition, and predictive
modeling. Through Al-driven analysis, large datasets generated by IGC
experiments can be efficiently processed, allowing for the extraction of
hidden patterns and correlations. Machine learning algorithms can be
trained to recognize complex surface interactions, classify materials
based on their physicochemical properties, and predict material be-
haviors and performances. This integration holds great potential for
accelerating materials discovery and development processes. Al algo-
rithms can aid in the identification of optimal material compositions,
surface modifications, and processing conditions. By leveraging the
combined power of IGC and Al, researchers can streamline the search for
materials with desired properties, leading to the design of novel mate-
rials with improved functionalities, enhanced performance, and tailored
characteristics.

Furthermore, the integration of IGC and AI can extend beyond
traditional materials science and engineering. It can pave the way for
advancements in fields such as catalysis, energy storage, biomedical
materials, environmental science, and beyond. The ability to rapidly
characterize materials, understand their surface properties, and predict
their behaviors through Al-driven analysis has far-reaching implications
for an extensive scale of applications. Ultimately, the convergence of
IGC and Al is poised to revolutionize the way we explore, understand,
and engineer advanced materials. It offers the potential to accelerate the
pace of material discovery, optimize material performance, and drive
innovation across various industries. The integration of IGC and AI is
expected to transform the landscape of materials science and engineer-
ing, enabling researchers to tackle complex challenges and unlock the
full potential of advanced materials.

2. Fundamentals
2.1. Instrumentation and methods

IGC involves the transportation of the analyte through a column
containing a liquid stationary phase using a gaseous mobile phase. The
extent of contact between the analyte and the stationary phase, as well
as its volatility, play crucial roles in determining its retention. To
enhance volatility and reduce retention times, columns are typically
maintained at elevated temperatures. The analysis of peaks and mea-
surement of retention times were performed using the dual column GC-
5890 HEWLETT PACKARD SERIES II (HP Ltd. Republic of Korea) soft-
ware, which was connected to a personal computer. The GC system is
equipped with packed columns, an injector, and a flame ionization de-
tector (FID). A liquid crystal display (LCD) processor is incorporated into
the apparatus to regulate the temperatures of the oven, injector, and
detector.

Fig. 1 presents a schematic illustration of the GC system and Fig. 2
shows FID, a mass flow sensitive detector that requires three gases for
operation. FID utilizes hydrogen and oxygen as fuel gases, along with
nitrogen as the carrier gas, to create a flame. In the absence of sample
molecules, the flame is deficient in charged particles. By applying 230 V
between the flame and the collector electrode, the resulting residual
current falls within the range of 10-12 A. This small current serves as the
baseline signal, which is then amplified. When an organic solute mole-
cule is eluted at the edge of the hydrogen flame, it produces CH, CH; and
CHj3 radicals. These radicals interact with the excited molecules in the
flame, generating positively charged ions and electrons. As a result, the
current between the flame and the collector electrode increases, allow-
ing for detection of the analytes relative to the baseline current. Analytes
containing more CH- groups elicit a stronger detector response, leading
to larger peak areas. Prior to entering the gas chromatograph, the three
gases like nitrogen, hydrogen, and oxygen, pass through Hp Gas
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Fig. 1. Schematic representation of typical Inverse Gas Chromatography (IGC) analyzer.
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Fig. 2. A schematic illustration of flame ionization detector (FID).

purifiers to remove impurities such as oil, moisture, and other foreign
substances. Molecular sieve is used to prevent particulates from entering
the flow systems, and a frit is placed near the output as an additional
measure.

To detect gas line leaks, a soap solution was applied to the suspected
joints, and any leaks were identified by tightening the corresponding
nut. The flow of the carrier gas at room temperature was determined
using a soap film flow meter. The regulator was set to allow a carrier gas
flow of approximately 30 mL/min through the column at the column
temperature. The regulators for oxygen and hydrogen were adjusted to
maintain a pressure of 0.75 kg/cm? for both gases. Initially, only
hydrogen was turned on to ignite the flame, while oxygen and the carrier
gas were kept off. The oxygen and carrier gas were opened after con-
firming the flame was lit by observing the FID exit.

Flame ionization detectors are commonly employed in GC due to
several advantages. Mainly cost of flame ionization detectors are
generally inexpensive to purchase and run. Low maintenance re-
quirements. Other than cleaning or replacing the FID jet, these detectors

require little attention. Rugged design FIDs are relatively resistant to
misuse. FIDs have a linear response range of 107 g/s and can detect
organic substances at low (10-13 g/s) to high quantities. The FID’s
destructive nature prevents it from being directly coupled to other GC
detectors. However, an FID can still be used in conjunction with another
detector if a portion of the carrier gas stream is shared between the two
detectors. The presence of a condensation coating on the glass indicated
a functioning flame. Precise control of hydrogen and oxygen was
necessary to maintain a consistent flame and a stable baseline without
noise. The oven, equipped with a Nichrome wire heating element and a
platinum resistance thermometer, maintained a constant temperature
for the column. A fan inside the oven ensured temperature uniformity,
with accuracy up to +10 °C. Separate heating systems were used for the
injector and detectors, controlled by proportional solid-state controllers.
Once thermal equilibrium was reached, the neon lights began to flicker,
and a trigger pulse isolation transformer isolated the sensing circuit from
the mains. Temperature feedback was provided by the platinum resis-
tance thermometer, and an integrated circuit executed the logic function
to regulate the power of the Nichrome heater using connected Triacs.

2.2. Theory of surface measurements by IGC

2.2.1. Net retention volumes

IGC theory and applications are covered in detail elsewhere [2,3].
the chemical potential of solute ‘i’ dispersing connecting the liquid
phase (L) and the mobile phase (M) in the chromatographic column at
constant temperature and constant pressure.

i =n' m

or u +RT In C, = ), + RT In Cy, 2

Co Ap (p, —mp)
n o R RT InK 3
where C; and Cp are solute i concentrations in phases L and M,
respectively, u is the standard chemical potential difference, and K is the
solute partition coefficient in Egs. (1)-(3). The linear rate of travel is
identical to the average carrier velocity multiplied by the fraction of
time the solute passes in the mobile phase.

-1
Rate of travel =u % =ul1+ Kﬁ 4
CuVyu +CLV, Vu

Vu and V;, are the volumes of the mobile and stationary phases. Alter-
natively, the solute rate of travel can be calculated as
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columnlength, L

Rate of travel = - 5)
retentlonnme, tR
2.2.1.1. Egs. (4) and (5) Gives
L V
tR::<1+K—L) (6)
u VM

The quantity L/u is the retention time for non-interacting solute (Ne
or CHy) represented as ty in Egs. (6) and (7).

V,
tR:tM<1+K—L> )
Vu

The determined flow rate, F, is to be adjusted to the states be
happening in the column using Eq. (8).

T\ (P,—P,
() ()

where T is column temperature, T, is room temperature, P, and P,, are

the outlet pressure and water vapor pressure at T. Since tgF, = V/R and
tuF. = V;W Eq. (7) can be composed as

, , V
VR:VM<1+K—L) 9
Vu
The correction factor for the pressure gradient across the column,

according to Martin and James [43], is given by

3 [(P/Py) 1
=2 LP[/Pof - 1} (o

where P; and Py are inlet and outlet pressures. The fully corrected form,
Eq. (9) is

JV,}:JV’M<1 +Kﬁ> an
Vi
\ 73
Ve=Vyl1+K—|=Vy +KV, 12)
Vi
Ve —Vyu=Vy =KV, (13)

Vy is the net retention volume.
2.3. Surface energy and acid-base parameters of solid surfaces by IGC

2.3.1. Thermodynamic consideration of solid surfaces by IGC

The net retention volume, Vy in inverse gas-liquid chromatography
can be broken down into two terms: one related to bulk absorption and
the other to surface adsorption [44,45]. Consequently, it is possible to
present

V=K,V +K,A 14)

where V and A are the volume and surface area of the adsorbate,
respectively, and K, and K; are the partition coefficients for the bulk
absorption and surface adsorption, respectively. Eq. (14) for inverse gas
solid chromatography can be reduced to

Vn=KsA (15)

The partition function, Ks accounts for the probe excess concentra-
tion on the surface, 7, and its concentration in the gas phase, C.

_dr

Ke=—
ST de

(16)

Under infinite dilution of the probe Henry’s law is obeyed and
therefore
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dr T

Additionally, under ideal circumstances, the probe concentration in
the gas phase can be expressed by

P
- 1
C RT 18)

where P is partial pressure of the probe and R is gas constant. Therefore,
form Egs. (17) and (18) can be derive as [46,47]

RT
KS:T? (19)

Following Gibbs equation 7 is concerned to pressure on the surface
1 drm
=—P(— 2
RT <dP> (20

where 7 is the pressure of the probe on the surface and (%) measures
how much the probe reduces the stationary phase’s surface free energy.
In the case of infinite dilution,

dr n

7P 21)
Therefore, from Egs. (15) and (21)
T VN
Ks===-~ 22
S=p=7 (22)

According to Santos [47], the surface free energy changes when 1
mol of probe molecules are adsorbed from a reference gas phase at a
pressure Pg of to a reference adsorption phase at a pressure of PS.

PS
AG,= —RT In IT; (23)
8

: _ A
Since, from Eq. (22), Pg =, thus

VyPS
AG,= — RT ln( v ) 24
A

For a particular stationary phase, A is fixed, P and r are constants.
According to 7 =3.38 x 10~* Nm™! and P$ =101.3 kPa. A is specific
surface area of adsorbent and hence Eq. (24) can be written as [44,45],

AG,= —RTInVy + K (25)

K is a constant which involves all the constants shown in Eq. (25).

2.3.2. Dispersive surface free energy of solid surfaces

IGC employs various approaches in the determination of the
dispersive component of surface free energy of solid surfaces. Fowke’s
method [48-51] is based on his definitions of work of adhesion W,
between two non-polar species. Thus

W, =24/vird (26)

where y$ and y{ dispersive component of solid and liquid surface ten-
sions, respectively. The molar free energy of adsorption, according to
Fowke’s, can be defined as

~AG, =N aW, + K @7

where N is Avogadro’s constant and a is the adsorbed solute’s molecular
surface area. Schultz et al. [52] connected the net retention volume to
the molar free energy of adsorption in Egs. (25)—(27), and the expression
is given as

RTInVy =24 a\/yiy! + K (28)
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From Eq. (28), a plot of RTInVy versus a(y;j)o‘s for n-alkanes will yield
a slope of Z?N(yf)o's and an intercept of K. The literature contains

a(yld)o'5 values for apolar and polar solute probes [49-51]. The surface
free energy diagram shown in Fig. 3. The slope values can be used to
calculate the dispersive component of the surface free energy y? of a
solid surface. Because of the following reasons, the y¢ values obtained by
this procedure may not always be trustworthy. Because of surface forces,
the molecular regions may be deformed [51]. In the interface,
non-spherical molecules such as n-alkanes may lie flat or head to tail.
Furthermore, the effect of temperature on the molecular area is not
considered. There are several ways for estimating the molecular surface
area of probes, each of which yields a different value [53].

Dorris and Gray et al. [54], suggested another approach for calcu-
lating the dispersive component of the surface free energy y? using the
Eq. below.

. 2
yCnt1Honsa
N
RT In yCnTns2
d N

V5= (29)
4N (acn, )27/0112

where ycy, is the surface area of a methylene, —CH,— group. The

quantity of this parameter is presumed to be identical to 6 A% N is

Avogadro’s number, ycy, is calculated according to the following Eq.

(30).

Yen, =35.6 — 0.058¢ (30)

where t is the temperature in degrees Celsius. Considering the deter-
mination of acy,, some papers discuss that the key challenge in this
strategy is estimating acy, and ycy, [55]. According to Belgacem and
Gandini [45], using Eq. (30) will get the most accurate y¢y, readings.
The fluctuation of y¢ with the ratio of the net retention volume of two
successive homologous n-alkanes is frequently considerable. Variations
of the London dispersive surface free energy shown in Fig. 4. As a result,
it is advised that the average of three pairs of n-alkanes to be used. The
values of y¢ calculated using Fowke’s and Dorris - Gray approaches were
found to be similar by Voelkel et al. [56], and Shi et al., [57].

The free energy of adsorption of each probe is displayed as a function
of logarithm of the probe vapor pressure at the column temperature in
the Papirer and Saint-Flour approach [46,49,58]. A straight line with a
negative slope is produced for n-alkanes. The slope can be applied to
describe the surface’s capability to endure dispersive interactions. This
method rejects the errors in Fowke’s method’s estimation of ‘a’ of the
probe. At different temperatures, other yld values are also unavailable.
Another strategy, considerably less commonly used, is that of Sawyer

20
18 - Polar molecule
16 1 W

C10

[
»

AG”

[y
N

n-alkane straight-line

RTInVn or AG, (k)/mol)
=
15

© N » O ®

3 4 5 6 7

(=]
-
N

Thermodynamic variable or index

Fig. 3. Variations of RTInVy of n-alkanes and polar probes as a function of a
thermodynamic variable or index of a solid at fixed temperature.
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Fig. 4. Variations of the London dispersive surface free energy (y¢) depending
on the chosen model or IGC method.

and Brookman, which makes use of the probe’s boiling point [59].
Donnet et al. developed another way for high dispersive energy surfaces
based on molar deformation polarization of the probing molecule [60].
The technique of Brendlé and Papirer is based on the usage of the
probe’s topological index [61].

3. Lewis acid-base interaction capability of a solid surface

A Lewis acid is an ion or molecule that admits an electron pair from
the probe solute. A Lewis base is a molecule or ion that can donate an
electron pair to a probe solute, causing coordination bonds to form [62].
In the case of polar solutes, Lewis acid-base interaction arises, and there
is a corresponding particular component of adsorption free energy. As a
result, the overall free energy of adsorption includes two terms: one due
to the exact component and one related to the dispersive component.
Thus

AG,=AG! + AGS (31)

Here, AGY is the term that characterizes the dispersive Lifschitz - van Der
Waals involvement to the total free energy of adsorption, AG, the probe
used for the determination AGY of are n-alkanes. AGS corresponds to the
Lewis acid - base (specific) interaction contribution to AG,. Commonly
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used polar probes for determination of AGS are including trichloro
methane (TCM), diethyl ether (DE), Acetone (AC), dichloromethane
(DCM), ethyl acetate (EA) and tetrahydrofuran (THF).

The determination of AGS can be brought out in detail using Fowke’s
plot drawn between RTInVy versus a(yf’)o's. Fowke’s plots for a homol-
ogous series of n-alkanes yields and shows a straight line, which sup-
ports a linear regression relating a(yf’)o'5 and RTInVy. From Egs. (25) and

(31) the specific component of the free energy of adsorption AGS is given
by

' \%
—~AGS =RT 1n< e > (32)

N ref

where Vy is the retention volume of the polar probe with a precise

a(y4)*® value and Vil s is the retention volume that is gained from the n-

alkane reference line at the identical value of a(yf)o's. Usually, the polar
solutes fall above the n-alkane reference line in the Fowke’s plot indi-
cating that —AGS values are beyond negative for polar probes compared
to the n-alkane reference line. If mono polar probes are used in the
characterization of adsorbent, the interaction with a Lewis basic probe is
a compute of the Lewis acidity of the surface. On the contrary, the Lewis
acidic probe will go through given interactions with basic sites on the
adsorbent.

A plot of AGS/T versus 1/T for polar probes bears the certain
component of enthalpy of adsorption, AHS and the certain component of
entropy adsorption, ASS. The variations of AGS /T are shown in Fig. 5.
Both the Lewis acidity and the Lewis basicity of a material provide to the
value of AHS. The methodology of Gutmann admits for the quantifica-
tion of the Lewis acidity and Lewis’s basicity of a material from AHS
values [63]. The Lewis acidity parameter, K,, and Lewis basicity
parameter, Kj, is calculated using the following relation.

—AHS =K, x DN + K, x AN* (33)

where DN and AN* are Guttmann’s donor [64] and Riddle and Fowke’s
[65] altered acceptor numbers correspondingly. Plotting -AHS/ AN*
against DN/AN* gives K, as the slope and K}, as the intercept. The Var-

iations of (’jﬁ? ) as a function of (%) of different polar molecules

shown in Fig. 6. The parameters K, and K, communicate the capability
of the investigated material to act as electron acceptor (acidic) and
electron donor (basic) respectively. Fekete et al. observed the consis-
tency of numerous attempts of estimation of K, and K, [66]. Grajek
studied the errors in the parameters [67]. 4, K, and K;, parameters are
useful for alteration of solid surfaces [68]. The awareness of yf is crucial
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M Boiling point
A DHvap
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Specific free enthalpy of adsorption (kJ/mol)

DHformation

lobal
350 360 370 380 390 Global average

Temperature (K)

Fig. 5. Variations of —AG¥ (T) as a function of the temperature by using the
various chromatographic models or methods.
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Fig. 6. Variations of (’AAN ) as a function of (ﬁ—ﬂ) of different polar molecules in

polymer surface for different molecular models and IGC methods.

to emulsion and suspension production [69] and in the assessment of
adhesion [70].

Hamieh et al. proved in several studies that the Gutmann method
cannot be applied because the linearity of the previous relation is not
satisfied [71-73]. They proposed a new equation considering the
coupled amphoteric character of some solid substrates by introducing a
third parameter K [71-73]. The new proposed expression was:

—AHS =K, x DN + K, x AN — K x AN x DN (34
Or

—AHY DN

=~ V=K, =) +Kp—-KD

( AN ) A(AN>+ P N (%)

Eq. (35) can be written as:

X =Kp + Ky X, — KX;3 (36)
Where

AH" DN
Xy =- = Xa =0 X; =DN and K =K (K, KD) 37)

Note that X1, X2 and X3 are identified for every polar molecule,
whereas Kp, K4 and K are unfamiliar.

Hamieh et al. gave the unique solution of the linear organization of
three equations with three unknown variables: Kp, K4 and K by showing
that the matrix indicating this linear application is a symmetrical one for
polar solvent number N > 3.

A review of the literature indicated that Voelkel et al. [74], studied
the dispersive surface energy and acid-base characteristics of various
materials, and Hancock et al. [75], reviewed pharmaceutical materials.
The literature on some recent work is offered here. Ballard et al. [76],
reported on the surface properties of micro granular and micro fibrous
cellulose, and Wang et al. [77], investigated the acid-base properties of
porous cellulose beads. Mills et al. [78], reported the dispersive surface
free energy of high-cellulosic fiber. IGC was used to evaluate the surface
properties of microcrystalline cellulose [79,80] and cellulosic multi-
purpose office paper [81]. Some materials’ surface properties have been
reported, including milled graphite, sucrose, toner particles, active
carbon, carbon nanotubes, cement components, alumina, chitin and
sepiolite [82-91]. IGC measurements of cellulose esters’ surface char-
acteristics and contact angle measurements of cellulose esters have been
reported [92]. Researchers investigated the dispersive surface energy of
cellulose Nano whiskers and nanocomposites [93]. Surface thermody-
namic characteristics of conducting polymers, poly aniline, and their
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mixtures have been studied [94,95].

3.1. Critics to the different chromatographic methods

Among all previous methods, it seems that the most used method for
the determination of the specific interactions between a solid surface
and model organic molecules was that of Saint-Flour and Papirer [148,
149] based on the vapor pressure of the probes that varies with tem-
perature. The serious difficulty with this method is to determine with
good accuracy the acid-base constants of certain mineral, metal oxides,
zeolites and/or nanomaterials. The theoretical basis of the representa-
tion RTInV, = f(logPy) cannot be scientifically justified, even if one
obtained a perfect linearity. Hamieh proved the linearity of AGY or
RTInV, of adsorbed n-alkanes as a function of any physical, chemical or
thermodynamic surface parameters was always satisfied with an excel-
lent linear regression coefficient [96]. The same observation was shown
with the representation of RTInV, as a function of boiling point (B-P.),
the standard enthalpy of vaporization AHf,’aP or the topological index y
of n-alkanes where negative values of acid or base constants of solids
were obtained in several cases leading to conclude to the non-validity of
such methods.

On the methods well-theoretically founded was that based on
Fowkes relation and using the variations of RTInV, as a function of

2.7°a y/y¢. However, the serious problem of this method was related to

the estimation of the dispersive surface energy component ysd of a solid,
with the help of the surface areas of n-alkanes. This surface area is not
known with accuracy. Hamieh first proposed the use of the following
models giving the molecular areas of n-alkanes: the geometrical model,
cylindrical molecular model, liquid density model, BET method, Kiselev
results and the model using the two-dimensional van der Waals (VDW)
constant b that depends on the critical temperature and pressure of the
liquid were measured. Another equation also used was the Redlich-
Kwong (R-K) equation transposed from three-dimensional space to
two-dimensional space to calculate the areas of organic molecules.
Hamieh concluded that the dispersive surface energy y? of solid mate-
rials varies substantially on the selected molecular models of the surface
area of n-alkanes and on the temperature [71,96,97].

The recent results reported by Hamieh group gave the respective
expressions of the dependence of the surface areas a(n, T) of n-alkanes
and ax(T) of polar molecules against the temperature [98,99].

For n-alkanes, he obtained:

~69.939 n +313.228

an, T)=————"——"— (38)
() (563.02 — T)"/?
For polar solvents, Hamieh gave relation.
Traxs —T
ax(T) = s, Tar =) 39)

(563.02 = 1) (Tuarx) = 7)"

Where n is the carbon atom number of n-alkane, and Taqx.1 and Tyex. x)
are two new intrinsic surface parameters of polar molecules.

Thus, Hamieh resolved that the Fowke’s method proposed by Schultz
et al. cannot be utilized to establish the dispersive surface energy nor to
assess the specific interactions. The results attained by this approach are
imprecise. Consequently, the values of AGy and y¢ acquired by
numerous researchers and the conclusions ensuing from these incorrect
values have to be considered as imprecise.

Another interesting chromatographic method was proposed by
Donnet et al. considering the deformation polarizability oo for the
determination of London dispersive forces and specific interactions be-
tween adsorbate and adsorbent [60]. They plotted the variation of
RTInVn as a function of (hyL)l/ 2 ap; for all used probes, where v, is the

electronic frequency of the probe and h the Planck’s constant. Unfor-
tunately, this method cannot be used without committing large errors in
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the determination of the surface parameters of solids. Indeed, even if this
method was based on solid theoretical concept; however, the it
neglected the harmonic mean of the ionization energies of the solid and
the adsorbed organic molecules as was shown by Hamieh in a recent
study who proposed the full London equation to determine the disper-
sion interaction energy between the solid and the probes [100].

3.2. Computer vision and image processing (CVIP) pipelines for SEM
analysis

The powerful image analysis in 2D domain is one of the fundamental
means of retrieving and analyzing data and there are various tools to
achieve the precision in image analysis. The image analysis and inter-
pretation of the image data spans the application scenarios from basic
image processing to Al applied on various fields such as agriculture,
robotics, autonomous vehicles and computational chemistry [101-106].
The IGC exploits the thermodynamic surface characterization of the
compound while the CVIP tools are employed to reveal the intricate
visual properties such as surface morphology, 3D roughness, direction-
ality, and particle area distribution. The significance of these visual
traits and intricate details can be viewed alongside the IGC findings to
consider a certain compound for research purposes. The customized
pipeline for revealing the visual properties can be applied on any com-
pound of interest that is considered for the IGC examination. The
example CVIP customized algorithms and relevant workflows are illus-
trated in Fig. 7.

3.2.1. Intricate visual traits

The compound considered for the IGC experiments can be investi-
gated for its intricate visual traits using the CVIP tools. In particular, the
SEM image is initially visualized in 3-color channel RGB is converted to
the gray scale for further inspection. The observable specimen is then
considered with a specific region-of-interest (ROI) and extracted from
the original specimen; this supports the further 3D examination of the
compound. The computer vision image processing algorithms such as
the anisotropic diffusion [107] and total variation ROF (Rudin, Osher,
Fatemi) denoising [108] were applied on to the extracted ROI to avail
the noise removal induced by the SEM instrument without removing the
intricate edge information.

3.2.2. Surface roughness

The extracted specimen ROI is utilized for the surface morphology in
determining the lumps and valleys in the compound surface. The com-
puter vision methods such as Fast Fourier Transform (FFT) is applied on
the specimen which transform the image pixels of the compound to the
frequency domain to estimate the noise elements in the high frequency
components [109]. The pipeline is then transformed back to the pixel
domain using inverse FFT to reduce the noise. The resultant specimen
often contains several intensity values with improper distribution of the
pixel values.

3.2.3. Particle distribution, porosity and directionality

The particle distribution gives the crucial information on the com-
pound’s surface distribution and conductivity in general. In addition to
the particle distribution, the porosity and directionality of the specimen
can be determined using the computer vision algorithms and Image J
tool [110]. The extracted specimen is used to calculate the threshold
using image processing algorithms such as binary and otsu thresholding
[111]. The thresholding reveals the foreground objects (particles) and
their distribution in the specimen which can be statistically analyzed
using several metrics and relevant values of mean, standard deviation
can be estimated.

Additionally, the cross-sectional surface area of the particles and
selected ROI of the specimen can be estimated using the statistical
analysis. The porosity and pore size estimation can also be determined
using the computer vision algorithms [112] which provides the insight
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Customized CVIP pipelines for analysis of (P(VDC-co-AN)) properties
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space)
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parameters in overview
mode

3D texture analysis using
dynamic lighting simulator

Fig. 7. Customized CVIP pipelines for analysis of polymer properties.

on how the compound particles are distributed on the surface. Addi-
tionally, the directionality of the individual particles can be obtained
using the directionality analysis of the specimen.

3.3. Vision intelligence scenarios for IGC

The integration of vision intelligence scenarios such as automated
image processing, real-time monitoring and improved accuracy and
precision can be categorized as the computer vision-based scenarios that
are applicable in the IGC domain. Similarly, Al-driven machine learning
algorithms, predictive modeling and optimization of experimental pa-
rameters are categorized as the Al-based scenarios that are applicable in
the IGC domain.

3.3.1. Computer vision-based IGC scenarios

Computer vision techniques are essential for automating the pro-
cessing of chromatograms acquired from IGC experiments. By employ-
ing image segmentation, feature extraction, and pattern recognition
algorithms, the time-consuming task of manual analysis is substituted
with efficient and precise automated procedures. The very early studies
conducted by Castellano, M. et al. [113] explores further utilizing both
inverse gas chromatography (IGC) and image analysis assisted trans-
mission electron microscopy (TEM/AIA) to examine filler dispersion and
morphology, in addition to the commonly studied surface characteristics
and thermodynamics. This integrated methodology provides essential
understanding of the relationship between filler properties and the in-
teractions between polymers and fillers, facilitating the development of

optimized tire tread formulations. The general scenario of the stages
involved in the automated image processing for IGC is illustrated in
Fig. 8. The immediate monitoring of chromatographic peaks, enabling
fast data collection and analysis can also be achieved using computer
vision techniques. Through the continual monitoring of alterations in
the forms and strengths of peaks, scientists may promptly detect and
examine developing trends, resulting in better-informed decisions.
Kochmann et al. reported the image based peak analysis and detection
approaches for electrophoresis data which can be opted for the IGC data
with an adhoc approach [114].

3.3.2. Al-based IGC scenarios

Al-powered machine learning methods, such as neural networks and
support vector machines, are utilized to analyze intricate IGC datasets.
These algorithms possess the ability to detect nuanced connections and
patterns within the data, hence offering more profound insights into the
characteristics and behavior of materials. Through utilization of Al ap-
proaches to create models that can estimate material qualities from IGC
data. These algorithms can effectively predict material properties, thus
enhancing the efficiency of product creation and optimization. Al opti-
mization algorithms are used to improve the efficiency and effectiveness
of IGC studies. These factors include temperature and flow rate. By
employing iterative learning and adaptation, these algorithms deter-
mine the most favorable conditions for attaining desired analytical re-
sults, hence maximizing productivity and the efficient use of resources.
A few studies such as Martakidis et al. used the microcontroller to log the
temperature and reversed flow for the IGC measurements and optimized
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Scenario 1 Automated Image Processing in IGC
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: Preprocessing:

Apply filters to enhance image quality.
Remove noise and artifacts.
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Generate quantitative data for each peak.

: Image Acquisition: Obtain chromatograms from IGC experiments.

Divide the chromatogram image into individual peaks.
Use techniques like thresholding or clustering to separate peaks from background.

Identify key features of each peak, such as area, height, and width.
Extract numerical descriptors to characterize the peaks.

Employ pattern recognition algorithms to classify peaks based on their shapes and characteristics.
Determine peak types (e.g., Gaussian, exponential) and distinguish between different compounds.

Analyze the segmented peaks to calculate relevant parameters, such as retention time and peak

Fig. 8. Algorithm explaining automated Image Processing In IGC.

the whole process [115]. A general pipeline of optimization stages was
illustrated in Fig. 9, which is approach-specific, the objective function
and experimental parameters are defined by the researchers.

4. Applications

IGC has emerged as a convenient and accurate approach for
measuring physicochemical parameters, leading to its extensive appli-
cation in studying a wide range of materials. One of the key advantages
of IGC is its ability to characterize the physicochemical properties of
non-volatile substances in various forms and morphologies. It enables
the characterization of both bulk and surface properties, including sur-
face free energy components, surface coverage, phase transitions,
diffusion coefficients, crystallinity, and surface characteristics such as
area, free energy, acidity-basicity, and porosity. These precise surface
characterization capabilities make IGC a valuable tool for predicting the
behavior of a material’s surface when it interacts with other substances
or for identifying surface property changes resulting from production
processes.

For instance, IGC has been successfully used to predict the mass and

surface property changes of medicinal molecules due to milling, which is
of great importance in the pharmaceutical industry. In addition, IGC can
provide insights into polymerization processes by determining misci-
bility, solution parameters, and Flory-Huggins interaction parameters.
Researchers, such as Voelkel et al. [116], have discussed the application
of IGC in quantifying the physicochemical characteristics of diverse
materials [117]. IGC is often referred to as a physico-chemical charac-
terization technique as it allows for simultaneous measurement of both
physical and chemical properties of materials. In a recent application,
the structural and chemical properties of carbon nanotubes were
examined using two sets of probes with different chemical specificity,
known as “structural probes” and “chemical probes” [118]. This review
covers the use of IGC in analyzing the surface characteristics of a wide
range of substances, ranging from natural minerals to pharmaceutical
products, highlighting the diverse applications that can benefit from
IGC.

4.1. Polymers

Polymers have gained significant attention in IGC due to their

Scenario 2 Optimization of Experimental Parameters in IGC

1: Start
2: Experimental Design:

3:  Define the experimental objectives and constraints.
Specify the range of parameters to be optimized, such as temperature, flow rate, or column length.

: Data Collection:

4
5
6:  Conduct IGC experiments using various parameter settings.
7. Collect data on peak characteristics and material properties.
8
9

: Data Preprocessing:

Clean and preprocess the experimental data.
10:  Standardize data formats and remove outliers.

11: Model Training:

12:  Train Al algorithms, such as genetic algorithms or reinforcement learning models, to optimize

experimental parameters.

13:  Define the objective function to be maximized or minimized.

14: Optimization:

15:  Utilize the trained AI algorithms to search for optimal experimental parameters.
16:  Iteratively adjust parameter settings based on algorithm feedback and performance metrics.

17: Validation:

18:  Validate the optimized parameter settings using experimental data or simulation techniques.
19:  Ensure that the optimized parameters result in improved analytical outcomes.

20: Implementation:

21:  Implement the optimized experimental parameters in IGC experiments.
22:  Monitor performance and adjust parameters as necessary.

23: End

Fig. 9. Algorithm explaining optimization of Experimental Parameters in IGC.
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adhesive nature. IGC can effectively assess the porosity of synthetic
polymers, biological polymers, copolymers, and polymer blends across a
wide temperature range. Surface characterization of polymers below the
glass transition temperature (T,) enables the monitoring of surface
changes resulting from chemical modifications. Additionally, IGC can
calculate dimensional Hansen solubility parameters and Flory-Huggins
interactions, providing insights into material interactions, composite
component miscibility, and polymer solubility in liquids. However, it is
important to note that this technique may not be applicable in all cases,
as demonstrated by the influence of temperature on the surface prop-
erties of polar and n-alkane molecules. Such temperature-dependent
variations can lead to inaccurate results when evaluating surface prop-
erties using IGC. The newly developed method enabled us to determine
the polar enthalpy and entropy of polar model organic molecule
adsorption on a variety of solid substrates, including silica, alumina,
MgO, ZnO, Zn, TiO,, and carbon fibers. Our unique method for sepa-
rating dispersive and polar free surface energy enabled us to better
characterize solid materials as demonstrated by Hamieh et al. [119].

A study conducted by Legras et al. emphasized the importance of
solvent selection for accurate data comparisons, as molecule orientation
can influence adsorbent-adsorbate interactions [120]. Optical micro-
scopy revealed that flax samples with greater surface roughness
exhibited higher surface area and variability. However, when long or
chopped fibers were introduced into the chromatography column, the
results were statistically insignificant. Another research by K. Yusuf
et al. focused on examining the thermodynamic properties of butyl
methacrylate-co-ethylene dimethacrylate neat monolith and a compos-
ite monolith combined with zeolitic imidazolate framework-8 [121].
IGC was employed under specific column pressure and temperature
conditions to analyze the surface characteristics. Furthermore, Sree-
kanth et al. investigated the hydrocarbon adsorption affinities and sol-
ubility coefficients of cotton fabric, cardboard, and carpet fibers [122].
It was found that cotton fabric and cardboard exhibited substantially
higher hydrocarbon adsorption affinities and solubility coefficients,
likely due to the diffusion and dispersion of hydrocarbons across solid
substrates. Additionally, Frauenhofer et al. observed a higher persis-
tence of gasoline residues spiked on cardboard, providing further in-
sights into the behavior of hydrocarbons on different surfaces [123]. The
further advancement and implementation of IGC faces several funda-
mental challenges. One of these challenges is the discrepancy in reported
molecular areas for polar probe molecules such as dichloromethane,
acetone, ethyl acetate, tetrahydrofuran, and ethanol. Inaccurate values
found in the literature are compared to the values listed in Smallwood’s
Handbook of Organic Solvent Properties, and this work highlights the
discrepancies and provides the correct molecular area values for 11
polar probes. For example, the correct molecular areas for dichloro-
methane, trichloromethane, acetone, ethyl acetate, diethyl ether, and
tetrahydrofuran are determined as 38.0, 44.0, 42.5, 48.0, 47.0, and 45.0
square angstroms, respectively, as reported by Shi et al. [124].

The surface characteristics of porous glass are identified using IGC.
By employing IGC-ID, the dispersive component of surface energy (y%),
enthalpy, and entropy of adsorption of Cs—Cjy¢ hydrocarbon probes are
measured across a temperature range of 30-120 °C. IGC at finite con-
centration (IGC-FC) is utilized to obtain adsorption isotherms for n-oc-
tane and isopropanol probes, and subsequently, the BET specific surface
areas are determined. Bauer et al. estimate the surface heterogeneity of
the examined porous glasses (PGs) [125]. The effects on both types of
polymer surfaces are investigated using IGC-ID to analyze the behavior
of the treatment gas (He or N») and exposure time from one to 4 min. The
adsorption of n-alkanes reveals that non-oxidative plasma treatments
result in low-energy surfaces for poly (p -phenylene benzobisoxazole)
PBO and energetically heterogeneous surfaces for poly (p -phenylene
terephthalamide) PPTA, as reported by Martinez et al. [126].

Frauenhofer et al. described the sorption and diffusion of hydrocar-
bons into polydimethylsiloxane (PDMS) in the headspace-solid phase
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microextraction (HS-SPME) sample procedure [127]. They utilized six
hydrocarbons as molecular probes and two types of non-cross-linked
PDMS with different average molecular weights as stationary phases.
The study conducted by B. P. Kumar et al. focused on the synthesis of
nitrogen-doped multi-walled carbon nanotubes (N-MWCNTs) grafted
with Sodium-carboxy methyl cellulose (Na-CMC) hybrid composite
using a thermal reduction approach [128]. The hybrid composites were
characterized and compared to Na-CMC particles using IGC, employing
14 different IGC methods. The results revealed that the free energy of
adsorption of various solvents on the N-MWCNTs-Na-CMC surface was
equivalent to the sum of the free enthalpies of the solvents individually
adsorbed on the N-MWCNT and Na-CMC surfaces.

Shi et al., in 1982, introduced Gutmann’s acceptor and donor num-
ber parameters to IGC, which has since become a key technology for
measuring the surface Lewis acid-base characteristics of solid substances
[129]. However, it is crucial to go beyond describing material qualities
and use these parameters to anticipate material properties, thus
advancing IGC technology. In this study, an overview of the conven-
tional role of acid-base parameters and introduce the Schultz and
Abraham methods for measuring acid-base properties. Furthermore, we
explore a potential new application of IGC by establishing a relationship
between the ratio of acid-base constants, K,/Kp, and the triboelectric
charge density of various polymers. Additionally, Lee et al. employed
IGC-ID to determine the London dispersive and specific polar compo-
nents, as well as the Lewis acid-base character of the surface free energy
of graphene materials such as graphene oxide (GO), reduced graphene
oxide (rGO), and graphite [130]. These surface characteristics are
influenced by oxygen moieties, flaws, and micropores present in the
carbon frameworks.

Adam Volkel et al. provided a comprehensive review on IGC char-
acterization of various materials including resins, resin-based abrasive
materials, polymer systems, and dental restoratives [131]. They dis-
cussed the use of solid support with anhydrous cationic surfactants as
stationary phases in IGC and evaluate the miscibility of these mixtures
based on surfactant-surfactant interaction parameters. Arancibia et al.
investigated the thermodynamic miscibility of these systems using
similar methods employed in polymeric materials [132]. Yampolskii
et al. focused on the bulk sorption of small molecular load chemicals in
polymers, discussing the determination of solubility coefficients, sorp-
tion isotherms, and vapor diffusion coefficients using chromatographic
techniques [133]. They also examine the thermodynamic properties of
glassy polymers near the glass transition and explore IGC as a probe
technique for measuring free volume in polymers. Rahman et al. con-
ducted surface energy analysis of powdered films of pH-sensitive poly-
mers using IGC [134]. They found a strong relationship between surface
energy and relative humidity in these polymeric films and coated tab-
lets, highlighting the impact of moisture on the surface properties. The
study also investigates the release of the phthalyl group from the poly-
mer films. Klein et al. evaluated a novel IGC technique called the film
cell module, which allows for the analysis of surface properties of
monolithic thin solid films [135]. They compared this technique with
traditional IGC, which typically analyzes powder samples, fibers, and
polymer-coated substrates. The surface energy of four different solid
supports was measured using both traditional IGC and the film cell
module or the sessile drop approach with samples in the film state.

Zhang et al. highlighted the significant impact of adhesion between
fiber reinforcement and matrix on the performance of composite mate-
rials, particularly the role of surface characteristics of silk fibroin in
determining adhesion levels in cocoons [136]. The study investigated
the mechanical properties of silk cocoons and silk fibroin, revealing
surface energy heterogeneity of the fibers through IGC studies. Ram-
anaiah et al. examined the surface energetics of gabapentin (GBP) and
pregabalin (PGB) using a surface energy analyzer (SEA) based on IGC
[137]. The research found that these medications, despite having
distinct structures, exhibited primarily basic surfaces based on their
higher surface Lewis base parameter (Kp). The temperature dependency
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of the Lewis acid-base characteristics was attributed to the breakdown of
intramolecular hydrogen bonding at higher temperatures. Xia et al.
developed a modified model considering temperature influence on
group interactions for polydimethylsiloxane PDMS [138]. IGC was used
to determine interaction parameters between common groups in PDMS,
and the model showed good agreement with experimental data. The
model was also utilized to calculate partition equilibrium between
acetone/butanol/ethanol water solutions and PDMS with varying
polymerization degrees and side chain length, aiding in the development
of the UNIFAC-ZM model and guiding separation procedures of silicone
polymer complexes. Avgidou et al. focused on understanding the surface
thermodynamics of swine intestinal mucin using IGC-ID and a temper-
ature range below the glass transition [139]. The study evaluated the
affinity of various chemical probes to the mucin surface in terms of
dispersive and specific interactions determined from chromatographic
retention profiles, achieving well-defined Gaussian peaks characteristic
of Henry’s adsorption, for the first time.

According to Hadjittofis et al. IGC is a well-established technique for
determining surface energy, particularly in heterogeneous materials like
particulate and fibrous materials, [140]. However, variability in sample
and column preparation can lead to low data repeatability. The authors
investigated two factors of chromatographic column preparation,
namely the amount of silanised glass wool and the packing structure of
mixtures of particulate materials, using a combined experimental and
modeling approach to understand their impact on IGC measurements.
Zhao et al. examined the fabrication of alkali lignin/PVA composite
membranes by incorporating different percentages of alkali lignin
[141]. The thermodynamic characteristics of the composites were
measured using IGC. The study found that the composite membrane
with a 15% alkali lignin content exhibited a tensile strength of 18.86
MPa and a hydrophilic contact angle of 89°. The solubility parameters of
the blends were found to be correlated with the mechanical and hy-
drophilic properties of the composites, and this correlation was empir-
ically and theoretically validated. Chen et al. used the IGC method to
investigate the solubility parameters and surface parameters of two
types of common alcoholysis, polyvinyl alcohol (PVA), PVA88 and
PVA99 [142]. The accuracy of the IGC experiment’s solubility param-
eters was confirmed by molecular dynamics modeling. The study aimed
to determine the suitable PVA chain length for simulation verification
computation by examining the influence of repeated units of PVA on
solubility characteristics. The results showed that when the PVA chain
length was 30 V and above, the solubility parameters did not differ
significantly, and the numerical trends matched the results of molecular
dynamics simulation. Kanatieva et al. employed IGC to examine the
chromatographic characteristics of capillary columns constructed with
polymers of varied backbone architectures, demonstrating the feasibility
of polymer differentiation. Two new stationary phases were created
using different polymerization methods [143]. The comparison of the
separation and adsorption capabilities of these novel phases with con-
ventional GC stationary phases revealed their non-polar nature. Legras
et al. described the dispersive and acid-base surface energy profiles of
flax and kenaf fibers, as well as cellulose B fibers produced by a dry jet,
wet spinning technique [144]. The study utilized IGC by injecting a
series of n-alkanes at finite dilution to obtain the dispersive energy
distribution profile at 30 °C and 0% RH. The acid-base contributions
were determined using the Van Oss method and injection of monopolar
probes. The cellulose B fibers exhibited the most homogeneous surface
energy, while the bast fibers showed higher polar components and
broader surface energy distributions compared to the cellulose fibers.
Adiguzel et al. synthesized and investigated a diethanol amine modified
polystyrene-based polymer (PVBC-Diethanol amine) using IGC-ID
[145]. Retention diagrams were constructed across a temperature
range to analyze the interaction of polar and nonpolar probes with the
polymer. The measurements of K, and K, indicated that the
PVBC-Diethanol amine surface was basic.

Bilgic et al. employed IGC to characterize the surface of kaolinite
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[146]. By analyzing the retention time of various non-polar and polar
probes at infinite dilution, they estimated the adsorption thermody-
namic parameters like standard enthalpy (AHS), entropy (AGS), and free
energy of adsorption (AGY), as well as the dispersive component of the
surface energy (yg), and the acid/base character of the kaolinite surface.
These measurements provided insights into the surface properties of
kaolinite. According to Yu et al. blast furnace slag (BFS), sulphoalumi-
nate cement (SAC), and Portland cement (PO) were carefully analyzed
using IGC to investigate the dispersive component, specific surface free
energy, and acid-base characteristics associated with these binding
materials [147]. The results revealed that a significant portion of the
surface free energy in all three binding materials is attributed to the
dispersive component, indicating relatively low polarity. The analysis of
acid-base characteristics indicated that the surfaces of all three samples
exhibit basic properties. Additionally, the adsorption experiment
demonstrated that BFS exhibited the highest adsorption of super-
plasticizer molecules per unit surface, suggesting that higher surface free
energies facilitate superplasticizer adsorption.

Hamieh et al. employed IGC to calculate the acid-base surface
properties of various solid substrates, including oxides, polymers, and
polymers adsorbed on oxides [148]. In another study by Hamieh et al.
the specific entropy of poly (-n-alkyl) methacrylates adsorbed on silica
or alumina, as well as in their bulk phases, was investigated using IGC
[149]. The free enthalpy of adsorption for polar molecules at different
temperatures was computed for the polymers studied. This allowed for
the determination of the specific enthalpy and entropy of polar probes
adsorbed on these polymers, whether in their adsorbed state on alumina
and silica or in their bulk phase. The results showed that the length of
the alkyl group within the poly (-n-alkyl) methacrylates chain signifi-
cantly influenced the specific entropy. According to Hamieh et al. a
study on the surface properties of PMMA/SiO; and PMMA/Al,O3
revealed significant differences in the physicochemical behavior of ox-
ides covered with varying concentrations of PMMA [150]. The investi-
gation also highlighted the impact of polymer tacticity on the specific
entropy of PMMA adsorbed on oxides. Lastly, Hamieh et al. evaluated
the acid-base characteristics of Poly (a-n-alkyl) methacrylates in Lewis
terms when adsorbed on silica. They computed the acid-base constants
K, and K}, of various polymers by applying the traditional model and
proposing a novel model that includes a third constant, K to account for
the amphoteric nature of the solid substrates. This novel model provided
more accurate and quantifiable results. Changes in the length of the
alkyl group in the side chain of Poly (a-n-alkyl) methacrylates resulted in
variations in the surface properties of these polymers, impacting all
surface characteristics, particularly the acid-base constants and transi-
tion phenomena.

Kumar et al. presented a study on the gas sensing performance of an
oligoacenaphthylene (OAN)/p-hydroxyphenylacetic acid (p-HPA) com-
posite at room temperature [151]. The London dispersive surface energy
yd is determined using 14 representative models based on IGC. The re-
sults indicate that both OAN and the OAN/p-HPA composite exhibit
higher Lewis basic characteristics, with the OAN/p-HPA surface
demonstrating higher basicity compared to OAN alone. The incorpora-
tion of phenolic groups in the composite enhances its ability to sense CO
gas, showing a sensitivity of 8.96% and good cycle stability compared to
the pure components. This work sheds light on a novel approach for
investigating polymer composite materials for future applications. In
another study by Kumar et al. the surface thermodynamics of the
polymer, Poly (vinylidene chloride-co-acrylonitrile) (P(VDC-co-AN)) in
its pure state was characterized using IGC technique [104]. Various IGC
properties of the polymer, including the London dispersive surface en-
ergy, Gibbs free energy, and Guttman Lewis acid-base parameters, were
investigated. The Schultz and Dorris-Gray methods were employed to
calculate the London dispersive surface free energy (LS), but their
methods were criticized and corrected by Hamieh et al. that proved the
variations of the surface area of organic molecules as a function of the
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temperature. Additionally, the visual properties of the polymer were
studied using CVIP techniques. Detailed patterns, surface morphology,
texture/roughness, particle area distribution (DA), directionality (DP),
mean average particle area (avg), and mean average particle standard
deviation (avg) were among the visual features investigated in the pure
form of the Poly (vinylidene chloride-co-acrylonitrile) polymer. This
collaborative study provides insights into the chemical and visual as-
pects of the pure form of the polymer, Poly (vinylidene chlor-
ide-co-acrylonitrile) (P(VDC-co-AN)), enabling researchers to explore its
properties comprehensively.

Introducing to Kumar et al. this study introduces new advancements
in surface thermodynamic methods for determining the London
dispersive surface free energy component, specific free energy of
adsorption, and Lewis acid-base properties of polymers using IGC-ID
[152]. The IGC technique was utilized to measure the net retention
volumes Vy of n-alkanes and polar solvents adsorbed on a sodium car-
boxymethyl cellulose (Na-CMC) polymer surface at four different tem-
peratures. Various models, including Dorris-Gray, Dorris-Gray-Hamieh,
van der Waals, Redlich-Kwong, Kiselev, geometric, cylindrical, spher-
ical, and Hamieh models, were employed to calculate the London
dispersive surface free energy component of Na-CMC. The study
demonstrated that different IGC approaches and models yield
non-comparable results. The thermal model yielded the most accurate
Lewis acid-base characteristics of the Na-CMC surface. In another work
by Kumar et al., single-walled carbon nanotubes (SWCNTs) and a
SWCNT-polytetrafluoroethylene (PTFE) blend were synthesized using a
simple reaction mixture and chromosorb (SiO3) [153]. Additionally, IGC
is employed to evaluate the surface thermodynamic characteristics of
n-alkanes and the net retention volumes of polar probes. This study
reveals that the surface of the (SWCNT-PTFE) blend contains more
acidic sites compared to the SWCNT surface. Therefore, the IGC data
provide valuable additional insights into the surface properties of the
(SWCNT-PTFE) blend.

In a study conducted by Rani et al. IGC was used to assess the net
retention volumes, Vy of n-alkanes and five polar solute probes on cel-
lulose acetate butyrate - polycaprolactonediol. The Vy values of the five
polar solutes were utilized to calculate the specific components of
adsorption enthalpy and entropy [154]. The objective of the paper by
Kumar et al. is to investigate the impact of an excipient on the surface
energetics of the Efavirenz (EFV) medication [155]. IGC was employed
to determine the net retention volumes Vy for n-alkanes and polar sol-
utes on two columns: one containing EFV drug and the other a blend of
EFV and cellulose acetate propionate. The K, values for EFV and the
blend were nearly identical, while the K}, values were higher for EFV
than the blend. Both methods showed a similar trend in K, and K;. The
objective of the paper by Kumar et al. is to investigate the surface en-
ergetics of the polymer excipient cellulose acetate propionate (CAP) in
its solid form [156]. Table 1 presents the IGC-determined characteristics
of polymers, copolymers, and their composites.

4.2. Surfactants

Surfactants are essential in surface chemistry as they act as surface-
active agents, adsorbing at interfaces and reducing surface tension. They
are classified as cationic, anionic, or non-ionic based on the type of polar
group they possess. The thermodynamic properties of these surfactants
were found to be affected by temperature, molecule structure, molecular
weight, chain length, component ratio, polarity, and hydrogen bonding
components. In a study by Voelkel et al. IGC was employed to investigate
the binary parameters resulting from hydrogen bonding and polarity of
1-hexadecanol oxyethylene derivatives [157]. The use of two sets of
polar probes capable of forming hydrogen and polar bonds allowed the
researchers to conclude that the structure of the liquid stationary phase
(oxyethylate) and the temperature of the IGC column could contribute to
changes in hydrogen bonding and polar binary parameters. However, no
general correlation was identified between these two characteristics and
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Table 1
IGC physicochemical properties of polymers, copolymers and their composites.

Parameter Compound References

Dispersive
Surface free
energy

Polytetrafluoroethylene; kenaf cellulose;
Melamine and thiourea-derived graphitic
carbon nitrides; 3-mercaptopropyltrime-
thoxysilane; Poly (p-phenylene
terephthalamide) (PPTA) and poly (p-
phenylene benzobisoxazole); nitrogen
doped multi walled carbon nanotubes (N-
MWCNTs) grafted Sodium-carboxy methyl
cellulose; graphene oxide and reduced
graphene oxide; hypromellose phthalate
(HPMCP) and methacrylic acid copolymer;
Gabapentin (GBP) [2-[1-(aminomethyl)
cyclohexyl] acetic acid] and Pregabalin
(PGB) [(S)-3 (aminomethyl)-5-
methylhexanoic acid]; nickel hydroxide
into Ni (OH)2 nanosheets; PVA88 and
PVA99; polystyrene based polymer (PVBC-
Diethanol amine); kaolinite; furnace slag
(BFS); sulphoaluminate cement (SAC) and
portland cement (P-O), Monogal; MgO and
ZnO; poly (methylmethacrylate)(PMMA);
polytetrafluoroethylene.
Polytetrafluoroethylene; kenaf cellulose;
Melamine and thiourea-derived graphitic
carbon nitrides; poly (p-phenylene
terephthalamide) (PPTA) and poly (p-
phenylene benzobisoxazole); nitrogen
doped multi walled carbon nanotubes (N-
MWCNTs) grafted Sodium-carboxy methyl
cellulose; Cellulose B; crystalline 5-((S)-3,7-
Dimethyloctyloxy)-2-[[[4-(dodecyloxy)
phenyl] imino] methyl] phenol
(DODPIMP); furnace slag (BFS);
sulphoaluminate cement (SAC) and
portland cement (P-O); Monogal; MgO and
ZnO; polytetrafluoroethylene.

Melamine and thiourea-derived graphitic
carbon nitrides; 3-mercaptopropyltrime-
thoxysilane; poly (p-phenylene
terephthalamide) (PPTA) and poly (p-
phenylene benzobisoxazole); nitrogen
doped multi walled carbon nanotubes (N-
MWCNTs) grafted Sodium-carboxy methyl
cellulose; graphene oxide and reduced
graphene oxide; PVA88 and PVA99;
Cellulose B; polystyrene based polymer
(PVBC-Diethanol amine); Crystalline 5-((S)-
3,7-Dimethyloctyloxy)-2-[[[4-(dodecyloxy)
phenyl] imino] methyl] phenol
(DODPIMP); kaolinite; furnace slag (BFS);
sulphoaluminate cement (SAC) and
portland cement (P-O); Monogal; MgO and
ZnO; poly (methylmethacrylate)(PMMA);
polytetrafluoroethylene

Melamine and thiourea-derived graphitic
carbon nitrides; poly (p-phenylene
terephthalamide) (PPTA) and poly (p-
phenylene benzobisoxazole); nitrogen
doped multi walled carbon nanotubes (N-
MWCNTs) grafted Sodium-carboxy methyl
cellulose; graphene oxide and reduced
graphene oxide; PVA88 and PVA99;
Cellulose B; polystyrene based polymer
(PVBC-Diethanol amine); crystalline 5-((S)-
3,7-Dimethyloctyloxy)-2-[[[4-(dodecyloxy)
phenyl] imino] methyl] phenol
(DODPIMP); kaolinite; furnace slag (BFS);
sulphoaluminate cement (SAC) and
portland cement (P-O); Monogal; MgO and
ZnO; poly (methylmethacrylate)(PMMA);
polytetrafluoroethylene

Melamine and thiourea-derived graphitic
carbon nitrides; 3-mercaptopropyltrime-
thoxysilane; poly (p-phenylene

[119,120,122,
125,126,128,130,
134,137,142,
144-150]

Surface Area [119,120,122,
126,128,144,145,

147,148,150]

Enthalpy of
Adsorption

[122,125,126,
128,130,137,
144-150]

Entropy of
Adsorption

[122,125,126,
128,134,137,
144-150]

Acid Base
Properties

[122,125,126,
128,130,137,
145-150]

(continued on next page)
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Table 1 (continued)

Parameter Compound References

terephthalamide) (PPTA) and poly (p-
phenylene benzobisoxazole; crystalline 5-
((S)-3,7-Dimethyloctyloxy)-2-[[[4-
(dodecyloxy) phenyl] imino] methyl]
phenol (DODPIMP); nitrogen doped multi
walled carbon nanotubes (N-MWCNTS)
grafted Sodium-carboxy methyl cellulose;
graphene oxide and reduced graphene
oxide; Gabapentin (GBP) [2-[1-
(aminomethyl) cyclohexyl] acetic acid] and
Pregabalin (PGB) [(S)-3-(aminomethyl)-5-
methylhexanoic acid]; Cellulose B;
polystyrene based polymer (PVBC-
Diethanol amine); kaolinite; furnace slag
(BFS); sulphoaluminate cement (SAC) and
portland cement (P-O); Monogal; MgO and
ZnO; poly (methylmethacrylate)(PMMA);
polytetrafluoroethylene.

column temperature.

According to Reddy et al. the dispersive component of surface free
energy 74, of Amberlite XAD-4 was calculated using IGC and the net
retention volumes (Vy) of n-alkanes at different temperatures [158]. The
results showed that the y¢ values decrease as temperature increases.
Furthermore, the specific components of free energy of adsorption (AG3)
and enthalpy of adsorption (AHS) were determined using the Vy values
of acid-base probes. The Donnet method, considering the molar defor-
mation polarization of solutes, was utilized for evaluating AGS. In
another study by Kumar et al. the surface thermodynamic properties of
Amberlite XAD-7 acrylic-ester-resin were investigated using IGC-ID
[105]. The London dispersive surface free energy was estimated using
various models, including the Fowkes equation, Dorris-Gray relation,
Hamieh-Dorris-Gray model, and six other molecular models based on
the surface areas of organic molecules. Additionally, the Hamieh model,
considering the thermal effect, was used. It was observed that the Lon-
don dispersive surface free energy values decrease with increasing
temperature, regardless of the methodology or model employed.

4.3. Pharmaceutical powders

Pharmaceutical powders are a highly studied subject in the field of
IGC, especially after polymers. The pharmaceutical industry requires
precise characterization of small quantities of substances in various
forms such as amorphous, polymorphs, hydrates, co-crystals, and sol-
vates. This is crucial for understanding interactions between multiple
active ingredients in a product. Additionally, the surface energy distri-
bution of pharmaceutical powders, which are often energetically het-
erogeneous, significantly impacts product quality. Traditional methods
like contact angle measurements are believed to be influenced by
experimental conditions, leading to potential interference with results
[159]. Therefore, there has been a growing interest in using IGC for
surface characterization of active pharmaceutical ingredients (APIs),
excipients, and drug delivery systems (DDS). IGC has proven to be an
effective tool in predicting storage conditions and shelf life of pharma-
ceuticals by assessing the crystallization rates of amorphous dispersions
[160]. This advancement in IGC techniques provides valuable insights
for the pharmaceutical industry and facilitates better understanding and
control of pharmaceutical powder properties.

Strzemiecka et al. conducted a study on the effect of humidity on
material characteristics [161]. They investigated how humidity impacts
the surface properties of materials using IGC. Das et al. focused on un-
derstanding the de-agglomeration of lactose by exploring the powder
strength distributions of a cohesive bed [162]. Their aim was to gain
insights into the process and mechanism of lactose de-agglomeration.
Ho et al. investigated the influence of milling on particle shape and
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surface energy heterogeneity of needle-shaped crystals [163]. They
found that particle shape plays a significant role in the milling process
and affects fracture behavior. Gamble et al. utilized IGC to compare
surface energy analysis as a method for probing the surface energy
properties of micronized materials [164]. This study aimed to under-
stand the surface energy characteristics of micronized particles. Zhou
et al. focused on modifying lactose carrier surfaces to study drug-lactose
binding characteristics in adhesive mixtures and control performance in
dry powder inhaler formulations [165]. They explored the possibility of
modifying the surface properties of lactose for better drug delivery.
Their study aimed to gain insights into the acid-base properties of
kaolinite surfaces. These studies demonstrate the diverse applications of
IGC in characterizing solid surfaces and investigating various factors
that influence surface properties, such as humidity, particle shape,
drug-lactose interactions, and acid-base features. IGC provides a valu-
able tool for understanding and controlling surface properties of mate-
rials in different applications.

Koodziejek et al. conducted a study to explore the relationship be-
tween surface characteristics, determined by IGC, and the release of
ibuprofen from fumed silica-based hybrid materials [166]. They inves-
tigated how the surface properties of the materials influence drug
release. Gamble et al. used IGC to examine the impact of micronization
on the surface energy properties of an active pharmaceutical ingredient
(API) called Ibipinabant [167]. Their study focused on understanding
the changes in surface energy caused by the micronization process. Das
et al. employed IGC to determine the polar and total surface energy
distributions of particles [168]. They aimed to analyze the surface en-
ergy characteristics of the particles using IGC. They have investigated
the application of IGC in studying mechanofusion processing and the
behavior of lactose coated with magnesium stearate [169]. They used
IGC to gain insights into the surface properties of the lactose particles
and their interactions with the coating material. Zhou et al. studied the
surface characteristics of a model pharmaceutical fine powder treated
with a pharmaceutical lubricant to enhance flow using a mechanical dry
coating technique [170]. They employed IGC to analyze the changes in
surface properties induced by the coating process. Das et al. analyzed the
surface energy characterization of medicinal powders using IGC-FD
[171]. They examined how humidity affects the surface properties and
behavior of the mixtures using IGC. The scientific points above-covered
researches involve studying the surface characteristics and interactions
of pharmaceutical materials, investigating the impact of particle size
reduction, characterizing surface energy distributions, analyzing surface
modification techniques, understanding the behavior of mixtures during
storage, and exploring the surface energy properties of medicinal
powders.

Das et al. conducted a study using IGC to analyze the changes in
surface energy of lactose during storage. By measuring surface energy,
they gained insights into the behavior of lactose over time [172].
Matthew et al. investigated the application of IGC for studying lactose
and medicinal components used in dry powder inhalers [173]. They
explored the use of IGC to understand the surface properties and in-
teractions of these materials. Miyanishi et al. utilized IGC to assess the
crystallization behavior on the surface of Nifedipine solid dispersion
powder [174]. They used IGC as a tool to investigate the disorder in the
materials. Hamieh et al. aimed to determine the Lewis acid-base char-
acteristics of Poly (a-n-alkyl) methacrylates adsorbed on silica using
IGC. Their study focused on understanding the acid-base properties of
the adsorbed polymers [175]. Their study aimed to enhance the un-
derstanding and interpretation of IGC results using computational
modeling. Ho et al. examined the surface heterogeneity of D-mannitol
using sessile drop contact angle and finite concentration IGC [176].
They focused on understanding the surface properties and heterogeneity
of D-mannitol using these techniques. Wang et al. published a study
investigating the surface properties of solid materials using modified
IGC [177]. They utilized IGC to assess the surface characteristics of the
materials and gain insights into their properties. Das et al. utilized IGC to
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study mechanofusion processing and the behavior of lactose coated with
magnesium stearate [178]. They examined how the surface properties of
powders contribute to their functionality in pharmaceutical applica-
tions. the scientific points covered in above references range from
studying the changes in surface energy during storage, exploring surface
properties and interactions, assessing crystallization behavior, investi-
gating disorder in milled materials, determining acid-base characteris-
tics, understanding the role of surface energetics in drug delivery,
utilizing molecular modeling for data interpretation, analyzing surface
heterogeneity, exploring modified IGC techniques for surface
characterization.

Koodziejek et al. conducted a study using IGC to investigate the
surface features of hybrid materials, which have the potential to be
carriers for sustained release of active drugs [179]. This research con-
tributes to understanding the surface properties of these materials and
their suitability for drug delivery applications [179]. Shi et al. published
a study that focuses on enhancing the calculation accuracy of acid-base
constants using an IGC approach [180]. By improving the accuracy of
these calculations, researchers can gain a deeper understanding of the
acid-base properties of materials, which is essential for various appli-
cations such as drug formulation and chemical reactions. Jones et al.
employed inverse gas chromatography to study lactose and medicinal
components used in dry powder inhalers [181]. This research helps in
understanding the surface properties and interactions of these compo-
nents, which is crucial for optimizing the performance and efficacy of
inhalation drug delivery systems. Zhou et al. conducted a study inves-
tigating drug-lactose binding characteristics in adhesive mixes and
modulating performance in dry powder inhaler formulations by modi-
fying lactose carrier surfaces [182]. This research offers insights into the
surface modification of lactose carriers to improve drug-lactose in-
teractions and enhance the performance of dry powder inhalers. Bilan-
cetti et al. utilized spray drying to prepare starch particles for use in a
dry powder coating technique [183]. The study demonstrates the
application of spray drying in preparing particles with specific surface
characteristics, which is relevant for various coating and formulation
processes in the pharmaceutical industry. This research contributes to
understanding the dynamic changes in surface energy over time,
providing insights into surface properties and interactions in complex
systems. Brum et al. reported on the utilization of dispersive surface
energy in estimating surface amorphous content and developed the
concept of effective amorphous surface area [184]. This research offers a
method to estimate the amorphous content of materials based on their
surface energy, which is valuable for characterizing and predicting the
stability and behavior of amorphous formulations. Burnett et al. inves-
tigated the effect of processing procedures on the surface characteristics
of amorphous indomethacin using IGC [185]. This study examines how
different processing methods impact the surface properties of amor-
phous materials, providing insights into formulation and processing
optimization. Overall, the scientific value of these references lies in their
contribution to understanding surface features, surface modification
techniques, surface energy analysis, and the impact of processing pro-
cedures on the surface characteristics of pharmaceutical materials. This
knowledge is essential for formulating effective drug delivery systems,
optimizing drug performance, and predicting the behavior and stability
of pharmaceutical formulations.

This research offers valuable information on the impact of processing
and environmental conditions on the surface characteristics and stabil-
ity of pharmaceutical compounds. Ke et al. conducted a study on the
effect of preparation procedures on the surface/bulk molecular mobility
and glass fragility of solid dispersions [186]. This research sheds light on
the influence of spray drying conditions on the physical stability of
amorphous formulations, which is essential for developing stable
pharmaceutical products. Le et al. used IGC to investigate the effect of
lactose grade in dry powder formulations of fluticasone propionate and
terbutaline sulphate [187]. This study explores the impact of lactose
characteristics on the surface properties and performance of dry powder
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formulations, contributing to formulation optimization. Ho et al.
examined the effect of fines on lactose surface energy heterogeneity for
pulmonary medication delivery [188]. This research provides insights
into the impact of particle size distribution and surface properties of
lactose on its performance as a carrier in dry powder inhalers. Shariare
et al. investigated the effect of material properties and process param-
eters on lactose monohydrate micronization [189]. This study explores
the occurrence and implications of disorder in crystalline materials,
enhancing the understanding of their physical properties and behavior.
The scientific value of these references lies in their contributions to the
understanding of surface properties, stability, formulation, and pro-
cessing of pharmaceutical powders. They provide valuable insights into
the surface energy, acid-base interactions, batch variation, stability, and
the impact of different factors on the surface characteristics of powders.
This knowledge is crucial for optimizing formulation performance,
ensuring consistent quality, and enhancing the understanding of powder
behavior in pharmaceutical applications.

This finding is scientifically valuable as it provides insights into the
surface properties and energetics of lactose mixes, helping to understand
their behavior and stability. Miyanishi et al. used IGC to study the
crystallization behavior on the surface of an amorphous solid dispersion
powder and predict its physical stability at temperatures below the glass
transition temperature, Tg [190]. This finding has scientific value as it
offers a potential method for assessing the suitability of powders for
inhalation formulations based on their surface characteristics, which can
impact their dispersibility and performance. Peng et al. investigated the
effect of drying methods on the surface energy of cellulose nanofibrils
(CNFs) [191]. By using IGC, they explored the impact of different drying
processes on the surface properties of CNFs. This research contributes to
the understanding of the drying-induced changes in the surface energy
of nanocellulosic materials, which is important for their formulation and
application development. Kolakovic et al. emphasized the versatility of
nanofibrillar cellulose (NFC) as an excipient for pharmaceutical dosage
forms and highlighted the need for further research to fully explore its
potential in pharmaceutical applications [192]. This research provides
insights into the surface characteristics of lactose, which is valuable for
understanding its behavior and optimizing its use in pharmaceutical
formulations. Tay et al. found that magnesium stearate improves the
dispersion of salbutamol sulphate (SS) [193]. Their goal was to under-
stand the mechanism behind the enhanced respiratory deposition of SS
with the addition of magnesium stearate. This study contributes to the
understanding of the surface properties and interactions between SS and
magnesium stearate, offering insights into their formulation and
performance.

This study is scientifically valuable as it contributes to the under-
standing of surface properties of lactose and provides insights into the
consistency and reliability of theoretical models in interpreting experi-
mental data. Han et al. investigated the effect of Ibuprofen on the
passivation/stabilization of high-surface-energy sites [194]. This
research is scientifically valuable as it explores the interaction between
Ibuprofen and high-surface-energy sites, contributing to the under-
standing of drug-surface interactions and potential stabilization mech-
anisms. Kumar et al. highlighted the use of surface thermodynamic
properties to understand the interaction potential between drug surfaces
and excipients in the formulation and drug release process [195]. This
perspective is scientifically valuable as it emphasizes the importance of
surface energetics in formulating effective drug delivery systems. Kumar
et al. used IGC to measure the retention volumes of n-alkanes and polar
probes on the drug surface of 2-hydroxypyrimidine sulphate (2-HPS)
[196]. This study contributes scientific value by providing insights into
the surface properties and energetics of 2-HPS, aiding in the under-
standing of its behavior and potential applications. Kumar et al.
employed IGC to determine the dispersive surface free energy of a flu-
conazole powder surface at different temperatures [197]. This research
is scientifically valuable as it explores the surface energetics of flucon-
azole and provides insights into its surface characteristics and potential
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interactions with other substances. Esim et al. aimed to develop a
time-controlled medication delivery system for telmisartan [198]. This
research is scientifically valuable as it addresses the challenge of limited
water solubility of telmisartan and explores solid dispersion processes to
enhance its solubility and create chronotherapeutic tablets. Overall,
these studies provide scientific insights into various aspects of surface
properties, interactions, stability, and formulation of pharmaceutical
materials. They contribute to the understanding of surface energetics,
surface characterization, drug-surface interactions, and the develop-
ment of innovative drug delivery systems. Table 2 presents the charac-
teristics of pharmaceutical powders and their hybrid composites as
determined by IGC.

4.4. Minerals and organic-inorganic compounds

Surface characterization of minerals, particularly those with high
surface energy, can be challenging due to their tendency to adsorb
water. However, IGC method has proven effective in characterizing such
materials. One example is the use of IGC-ID to investigate the surface
properties of calcium carbonate (CaCOs3), a high-energy surface filler
[199]. The study revealed that the strongly basic surface of CaCO3 was

Table 2
IGC physicochemical properties of Pharmaceutical powders and their
composites.

Parameter Compound References

Surface Free
Energy

[161,163-165,
165-172,175,178,181,
183,185,187-190,
193-196],1197]

Perlite; Lactose; p polymorph of D-
mannitol; Ibipinabant, coarse lactose;
untreated kaolinite and kaolinites;
ibuprofen; silicon dioxide;
PharmatoseP450; lactose coated with
magnesium stearate; fine lactose
powder; magnesiumstearate; nifedipine
and polyvinylpyrrolidon (PVP) K-30;
coarse lactose (CL) and micronized
lactose (ML); starch; dry
powderinhalerformulations (DPIs);
Ibuprofen micronization
cefditorenpivoxil powder; D-mannitol;
fluticasone propionate and terbutaline
sulphate; Lactose monohydrate;
salbutamol sulphate; salbutamol
sulphate; budesonide; and formoterol
fumarate dihydrate; a-lactose
monohydrate; Ibuprofen micronization;
Phenylpropanolamine; 2-hydroxypyri-
midine sulphate; Fluconazole.

Perlite; Lactose; p polymorph of D-
mannitol; Ibipinabant, coarse lactose;
untreated kaolinite and kaolinites;
ibuprofen; silicon dioxide;
PharmatoseP450; lactose coated with
magnesium stearate; fine lactose
powder; magnesiumstearate; nifedipine
and polyvinylpyrrolidon (PVP) K-30;
coarse lactose (CL) and micronized
lactose (ML); starch; dry
powderinhalerformulations (DPIs);
Ibuprofen micronization
cefditorenpivoxil powder; D-mannitol;
fluticasone propionate and terbutaline
sulphate; Lactose monohydrate;
salbutamol sulphate; salbutamol
sulphate; budesonide; and formoterol
fumarate dihydrate; a-lactose
monohydrate; Ibuprofen micronization;
Phenylpropanolamine; 2-hydroxypyri-
midine sulphate; Fluconazole.
Ibipinabant; coarse lactose; ibuprofen;
magnesiumstearate; dry
Phenylpropanolamine.

Perlite

Surface
Area

[161,163-165,
165-172,175,178,181,
183,185,187-190,
193-1961,1197]

Acid Base
Properties

[161-163,167,185]

Relative 164

Humidity
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significantly reduced in basicity when coated. This change in acidity was
attributed to the heterogeneous distribution of the coating and the
presence of surfactant coverage exceeding a monolayer on the surface
[200]. In another study, Keller and Luner compared the surface chem-
istry of synthetic calcium carbonate, marble, and chalk, focusing on
porosity, BET surface area, and chemical composition [201]. The results
showed that the surface energetics of calcium carbonates are greatly
influenced by the presence of physically and chemically adsorbed water
on the surface and within the pores. The dehydration of the material
caused an increase in surface energy. The IGC method demonstrated
high sensitivity in monitoring water desorption, even at sub-monolayer
concentrations. Overall, the application of IGC in these studies has
provided valuable insights into the surface properties and behavior of
minerals, shedding light on the effects of coating, hydration, and
dehydration on their surface energy and chemistry.

4.5. Zeolites

Natural zeolites are widely used in various applications due to their
unique porosity and high specific surface area. They find use as catalysts,
for gas separation, ion exchange, and as selective molecular sieves for
separating components of mixtures. Additionally, they serve as adsor-
bents in water treatment and purification of industrial fluids. In the
characterization of zeolites, IGC has been employed to investigate sur-
face free energy, adsorption properties, and the influence of storage
conditions [202-204]. IGC studies on zeolites have revealed that surface
acidity and basicity are directly related to the relative humidity of the
carrier gas. However, fine and thick zeolites with high activity posed
challenges in evaluating related parameters. Furthermore, IGC has
facilitated research on the utilization of zeolites in the production of
abrasive materials without the need for trial products, leading to time
and cost efficiency [205]. In examining the effect of various acids,
aqueous solutions, and model post-fermentation broth on the surface
properties of Zeolite 5A, IGC was used to compare it with other sorbents
such as Amberlite XAD7HP and Diaion SK116. Zeolite 5A exhibited the
most acidic surface, and significant changes in dispersive surface energy
were observed due to water adsorption during impregnation, which
obstructed the zeolite’s active sites [206]. Additionally, IGC has been
employed to evaluate fragrance adsorption on natural and synthesized
zeolites, as the BET technique alone was insufficient for surface char-
acterization and predicting adsorption behavior [207]. Thielmann et al.
utilized thermal desorption methods in conjunction with IGC to examine
the surfaces of 3A and 13X zeolites, enabling the distinction between
micropore and mesopore contributions to adsorption phenomena based
on differences in adsorption mechanisms [208]. These IGC studies have
provided valuable insights into the surface properties, adsorption
behavior, and utilization of zeolites in various applications, contributing
to the understanding and optimization of zeolite-based materials.

4.6. Nanomaterials

Nanomaterials belong to the aforementioned material classes but
possess unique nanostructures that differentiate them from bulk mate-
rials. Due to their small particle size, nanomaterials exhibit distinct
chemical and physical properties, including electronic properties and
surface energy. In the field of nanomaterials, IGC has primarily been
applied to carbon nanoparticles, particularly carbon nanotubes (CNTs).
Menzel et al. conducted a study using IGC to explore the physico-
chemical surface characteristics of CNTs, focusing on dispersive surface
energy and surface heterogeneity [209]. Their innovative approach
involved separating the investigation of surface structure and surface
chemistry to avoid conflating these two aspects. IGC has proven to be a
powerful method for analyzing the surfaces of CVD-grown multiwalled
carbon nanotubes [210]. The study determined and compared disper-
sive surface energy (yf), acid and base numbers (K, and K3), and specific
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free energy (AG}S,) for various types of CNTs, including commercial,
in-house, and surface-modified CNTs prepared through high tempera-
ture annealing, thermal oxidation, and grafting with methyl
methacrylate.

The IGC results demonstrated good agreement with standard surface
characterization techniques such as Bohm’s titration, scanning electron
microscopy (SEM), and X-ray photoelectron spectroscopy (XPS). As-
received CNT samples exhibited high dispersive surface energy, while
the commercial CNTs displayed a greater polar component compared to
the graphitic in-house materials. Surface alterations through high tem-
perature annealing decreased surface polarity, whereas thermal oxida-
tion increased surface polarity. Additionally, the grafting of methyl
methacrylate in modest quantities had a noticeable impact on the sur-
face properties of the studied carbon nanotubes, leading to reduced
surface energy and adsorption capacity. Furthermore, IGC was
employed to investigate the mechanism of organic chemical adsorption
on carbon nanotubes [211]. These studies utilizing IGC in the field of
nanomaterials contribute to a better understanding of the surface
properties, surface alterations, and adsorption behavior of carbon
nanotubes, offering insights for their various applications.

4.7. Metal organic frame works

Metal-organic frameworks (MOFs), formerly known as adsorbent
materials, have gained significant attention in recent years due to their
potential for storing and converting thermal energy. Particularly, the
utilization of MOFs-water working pairs holds promise as a ground-
breaking advancement in sorption-based thermal energy storage and
conversion systems. MOFs are a unique class of porous crystalline ma-
terials constructed by linking metallic nodes, such as single ions or
clusters, with organic linkers. Over the past two decades, extensive
research has been conducted to explore the diverse applications of
MOFs, including gas storage, separation, catalysis, and sensing [212].
MOFs exhibit remarkable chemical, structural, and topological flexi-
bility as organic-inorganic hybrid porous materials [213]. These appli-
cations leverage the controllable pore system of MOFs, allowing for
on-demand manipulation of pore aperture, shape, size, and function-
ality to address specific challenges [214]. Through various design and
engineering strategies, the pore system of MOFs can be tailored to
achieve desired properties and functionalities.

MOFs offer efficient construction possibilities with tailored qualities
such as pore aperture size, shape like channels or cages, and controlled
by the arrangement of organic linkers connected through metallic nodes.
This precise assembly of inorganic and organic building blocks, guided
by reticular chemistry principles, results in hybrid material frameworks
with specific topologies and geometrical information. The focus of this
review is on MOFs that exhibit hydrophobic-oleophilic, hydrophilic-
underwater oleophobic, and switchable wettability properties, empha-
sizing their potential as oil/water separators. Depending on the specific
methods employed for separating oil/water mixtures and emulsions,
various MOFs-based materials can be categorized as filtering materials,
absorbents, or adsorbents. We discuss different subclasses of MOF-based
filtration, absorbent, and adsorbent materials, highlighting recent ad-
vancements in their applications for oil/water separation. Finally, we
critically examine the significance of these MOFs in oil-water separation
and propose potential future approaches to enhance their performance
[215].

In a separate study, IGC was utilized to characterize the surface
properties of single-crystalline and polycrystalline TAPPy-PDA COFs for
the separation of linear n-alkanes and a series of standard polar probes.
The findings revealed significant variations in separation behavior be-
tween single-crystalline and polycrystalline 2D COFs, shedding light on
the interactions between analytes and these surfaces. Analysis using
McReynolds constants indicated that the surface of single-crystalline
TAPPy-PDA COF is nonpolar, while the surface of polycrystalline
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TAPPy-PDA COF possesses some degree of polarity [216]. A green
synthesis technique was employed to produce MIL-100(Fe), a highly
promising MOF for efficient water sorption, as well as its transition
metal-doped variants like Ni®* and Co®*. Thermogravimetric measure-
ments were conducted to determine the water sorption capacity of these
materials, and the experimental adsorption data were analyzed using the
Sun-Chakraborty adsorption isotherm model [217]. In another study,
the surface thermodynamic properties, specific interactions, and
acid-base constants of crystals of UiO-66 (Zrg O4(OH)4(BDC)e; BDC =
benzene 1,4-dicarboxylic acid), a Zr-based MOF, were investigated using
various molecular models and IGC methods [218]. The role of zeolitic
imidazolate framework (ZIF-8) integrated into a polymer matrix in its
monolithic form was examined using IGC. Thermodynamic properties of
neat monoliths of butyl methacrylate-co-ethylene dimethacrylate and
composite monoliths incorporating zeolitic imidazolate framework-8
with butyl methacrylate-co-ethylene dimethacrylate were studied
under infinite dilution, 1 MPa column pressure, and different column
temperatures [219]. Table 3 presents the characteristics of
metal-organic frameworks and their composites determined using IGC.

4.8. Computer vision and image processing tools

4.8.1. Intricate visual traits

The use of image filtering techniques significantly enhances the
quality of SEM images of the specimen’s region of interest (ROI),
particularly around the edges, which reveals the structural characteris-
tics of the compound in each area. Additionally, edge feature extraction
algorithms like Canny edge detection are employed to extract high-
dimensional information about the compound from a visual perspec-
tive. To facilitate a comprehensive visual inspection of the compound’s
characteristics, intra-space contrast enhancement is applied, which
brings out the intricate visual features. The results of the investigation
into the intricate visual traits of Poly (Vinylidene Chloride-Co-Acrylo-
nitrile) (P(VDC-co-AN)) and the polymer resin amberlite XAD-7 are
presented below in Fig. 10, using a unified approach.

4.8.2. Surface roughness

An adaptive histogram equalization algorithm is utilized in image
processing to preserve the proper spatial distribution [220]. By obtain-
ing the difference image of the histogram equalized image, an adequate
pixel distribution is achieved while retaining the roughness element. For
surface roughness visualization in 3D and to obtain relevant roughness
parameters for scientific experiments, computational tools such as
Image J [110] and SPIP [221] are employed on the specimen. The
outcomes of the customized pipeline for estimating and visualizing
surface roughness in the polymer resin amberlite XAD-7 and Poly

Table 3
IGC physicochemical properties of Metal Organic Frame works (MOFs) and their
composites.

Parameter Compound References
Dispersive Surface TAPPy-PDA COFs; MIL-100(Fe); Zr-based [212-215]
free energy MOF; Ui0-66 (Zre 04(OH)4 (BDC)g, BDC =
benzene 1,4-dicarboxylic acid); ultrasmall Ti
MOF (NH2-MIL-125(Ti))
Enthalpy of TAPPy-PDA COFs; MIL-100(Fe); Zr-based [212-215]
Adsorption MOF; UiO-66 (Zre O4(OH),4 (BDC)g, BDC =
benzene 1,4-dicarboxylic acid); ultrasmall Ti
MOF (NH2-MIL-125(Ti))
Entropy of TAPPy-PDA COFs; MIL-100(Fe); Zr-based [212-215]
Adsorption MOF; Ui0-66 (Zre 04(OH)4 (BDC)g, BDC =
benzene 1,4-dicarboxylic acid); ultrasmall Ti
MOF (NH2-MIL-125(Ti))))
Acid Base TAPPy-PDA COFs; MIL-100(Fe); Zr-based [212-215]
Properties MOF; UiO-66 (Zrs O4(OH)4 (BDC)s; BDC =

benzene 1,4-dicarboxylic acid); ultrasmall Ti
MOF (NH2-MIL-125(Ti))
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Invert LUT
color space

Particle overview
mode

denoised specimen pixel noise removed undistorted edges

(b)

Fig. 10. Customized image analysis pipeline for: (a) exploring visual intricate
patterns in polymer. (b) exploring visual intricate patterns in polymer resin.

(Vinylidene Chloride-Co-Acrylonitrile) (P(VDC-co-AN)) are presented
below in Fig. 11, using a unified approach. These results provide valu-
able insights into the surface characteristics of the materials.

4.8.3. Particle distribution, porosity and dimensionality

The directionality analysis employs frequency-based Fourier com-
ponents to reveal both low and high frequency components in the
specimen, allowing for the estimation of local gradient orientation of
individual particles. The information obtained from porosity and

Trends in Analytical Chemistry 173 (2024) 117655

directionality will serve as metadata for future experiments, particularly
in relation to the compound’s absorption capability in specific di-
rections. The outcomes of the Computer Vision and Image Processing
(CVIP) methods used to estimate particle distribution, porosity, and
directionality in the polymer resin amberlite XAD-7 and Poly (Vinyli-
dene Chloride-Co-Acrylonitrile) (P(VDC-co-AN)) are presented below in
Fig. 12, utilizing a comprehensive approach. These results provide
valuable insights into the compound’s structural characteristics and
absorption behavior.

4.9. Artificial intelligence (AD) and machine learning (ML) tools

The usage of artificial intelligence and machine learning can be
categorized as mostly the predictive analytics part of the IGC and related
research studies. Meaning that, the IGC process and its results could be
refactored using Al and ML tools for predicting certain parameters and
relevant characteristics. There were several notable works in the IGC
domain that were conducted with the assistance of AI/ML tools as the
main elements of predicting outcomes of the research study. Table 4,
states the notable works of Al and ML convergence in the field of IGC and
other associated fields that utilize the IGC data.

4.9.1. Polymer characterization and material science

The co-existence of Al and ML tools with IGC data was explored in
the polymer characterization aspect where the artificial neural networks
are used to predict polymer properties based on IGC data, demonstrating
greater accuracy and efficiency than traditional methods [222,223]. A
diverse amount of machine learning techniques, including random for-
ests and support vector machines, were used to analyze IGC data and
identify material properties and interactions [224,225].

. _
) V'NJJ’H ) lﬂb\ \rmf”l | Jfb

1 1

FFT filtered + edge
detected image

image

3000 4000
Distance (nm)

7000

3D projection with texture loading
with 0 % lighting effect

Inverse LUT image ROI image - to observe 3D projection with texture loading
surface morphology with 50 % lighting effect
(b)

Fig. 11. Outcome of the customized image analysis pipeline for: (a) estimating roughness parameters of polymer resin. (b) Visualizing surface roughness of polymer.
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4.9.2. Surface science and solvent analysis

There were few studies that focused on the use of Al algorithms,
including genetic algorithms and neural networks, to extract surface
properties from IGC measurements, allowing for improved surface
characterization [226,227]. Also, studies such as [228,229] used ma-
chine learning algorithms to accurately predict solubility parameters of
solvents based on IGC data, thereby facilitating solvent selection.

4.9.3. Pharmaceutical analysis and separation science

The combination of an Al-based approach for characterizing phar-
maceutical powders using IGC data, allowing for rapid evaluation of
powder properties and formulation optimization was carried out by
Refs. [230,231]. Furthermore, few studies utilized Al-based predictive
models to optimize vapor phase separation of organic compounds in
IGC, resulting in increased separation efficiency and selectivity [232,
233].

(b)

Fig. 12. Outcome of the CVIP pipeline for: (a) estimating porosity and particle distribution of polymer resin. (b) estimating directionality of polymer.
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4.9.4. Surface energy and bitumen analysis

Machine learning methods, such as decision trees and neural net-
works were employed for estimating surface energy parameters from
IGC measurements, providing accurate and efficient analysis [234]. AL
techniques, such as fuzzy logic and genetic algorithms were used to
analyze polymer-modified bitumen using IGC, allowing for a better
understanding of polymer-bitumen interactions [235,236].

4.9.5. Adsorption analysis and gas separation

There were studies demonstrating the use of artificial neural net-
works to predict adsorption isotherms based on IGC data, thereby of-
fering valuable insights into adsorption behavior and material
performance [237,238]. Also, certain studies used Al optimization al-
gorithms, such as genetic algorithms and particle swarm optimization,
to improve the separation efficiency of gas separation columns in IGC
[240,241].
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Table 4

Various research studies employing Al and ML tools on IGC data in diverse

scenarios.

Technology
used

Fields of
convergence

Research scenario of using Al/
ML tools with IGC data

Relevant
studies

Artificial
intelligence

Machine
learning

Artificial
intelligence

Machine
learning

Artificial
intelligence

Artificial
intelligence

Machine
learning

Artificial
intelligence

Artificial
intelligence

Artificial
intelligence

Artificial
intelligence

Polymer

Characterization

Material Science

Surface Science

Solvent Analysis

Separation

Science

Pharmaceutical

Analysis

Surface Energy
Analysis

Bitumen Analysis

Adsorption
Analysis

Gas Separation

Fiber Analysis

utilized artificial neural
networks to predict polymer
properties based on IGC data,
demonstrating greater
accuracy and efficiency than
traditional methods.
investigated various machine
learning techniques, including
random forests and support
vector machines, to analyze
IGC data and identify material
properties and interactions.
use of Al algorithms,
including genetic algorithms
and neural networks, to
extract surface properties
from IGC measurements,
allowing for rapid
characterization.

used machine learning
algorithms to accurately
predict solubility parameters
of solvents based on IGC data,
thereby facilitating solvent
selection.

utilized Al-based predictive
models to optimize vapor
phase separation of organic
compounds in IGC, resulting
in increased separation
efficiency and selectivity.
Al-based approach for
characterizing
pharmaceutical powders
using IGC data, allowing for
rapid evaluation of powder
properties and formulation
optimization.

examined machine learning
methods, such as decision
trees and neural networks, for
estimating surface energy
parameters from IGC
measurements, providing
accurate and efficient
analysis.

used Al techniques, such as
fuzzy logic and genetic
algorithms, to analyze
polymer-modified bitumen
using IGC, allowing for a
better understanding of
polymer-bitumen
interactions.

use of artificial neural
networks to predict
adsorption isotherms based on
IGC data, thereby offering
valuable insights into
adsorption behavior and
material performance.

used Al optimization
algorithms, such as genetic
algorithms and particle
swarm optimization, to
improve the separation
efficiency of gas separation
columns in IGC.

investigated Al approaches,
such as machine learning and
pattern recognition, for
evaluating surface properties

[222]
[223]

[224]
[225]

[226] 1
[227]

[228]
[229]

[230]
[231]

[232]

[233]

[234]

[235]
[236]

[237]
[238]

[239]
[240]

[241]
[242]
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Table 4 (continued)

Fields of
convergence

Relevant
studies

Technology
used

Research scenario of using Al/
ML tools with IGC data

of fibrous materials through
IGC analysis, thereby
facilitating material selection
and development.

employed machine learning-
based classification model for
organic solvents using IGC
data, allowing for rapid
screening and selection of
organic solvents for a variety
of applications

combined IGC with AI
techniques, such as clustering
and classification algorithms,
to investigate drug-excipient
compatibility, thereby
providing valuable insights
for formulation development
used machine learning
algorithms to predict polymer
blend miscibility based on IGC
data, enabling efficient
screening of blend
compositions to identify those
with the desired properties

Solvent
Classification

Machine
learning

[243]

Artificial
intelligence

Drug Formulation [244]

Machine
learning

Polymer Blends [245]

4.9.6. Fiber analysis and solvent classification

A few studies investigated Al approaches, such as machine learning
and pattern recognition, for evaluating surface properties of fibrous
materials through IGC analysis, thereby facilitating material selection
and development [242,243]. Machine learning-based classification
model for organic solvents using IGC data was also a method that
facilitated rapid screening and selection of organic solvents for a variety
of applications [244].

4.9.7. Drug formulation and polymer blends

There were studies that combined IGC with Al techniques, such as
clustering and classification algorithms, to investigate drug-excipient
compatibility, thereby providing valuable insights for formulation
development [280]. Furthermore, there were instances where machine
learning algorithms were used to predict polymer blend miscibility
based on IGC data, enabling efficient screening of blend compositions to
identify those with the desired properties [245].

5. Perspective

The combination of these two technologies (IGC + Al) creates a novel
platform for thorough material characterization and the development of
enhanced procedures. Examples of the effectiveness of integrating such
methods include thermal modeling for anionic surfactants, assessment
of surface thermodynamic properties using reverse phase chromatog-
raphy, and characterization of polymer surface thermodynamics. In the
aforementioned areas, researchers have utilized artificial intelligence
and machine learning technologies to improve the precision and effec-
tiveness of material property forecasts using IGC data.

Although there have been positive results, there are still difficulties
in combining IGC and Al. A major obstacle is in the intricate process of
integrating data from chromatographic outputs with their correspond-
ing visual characteristics, which are greatly influenced by the SEM/TEM
apparatus. When there is a noisy measurement, the accuracy is
compromised, which in turn affects the AI pipeline. Furthermore, the
process of establishing uniform procedures and frameworks for inter-
preting data continues to be a difficult task at this point. Subsequent
investigations should prioritize the enhancement of data fusion meth-
odologies to effectively incorporate IGC and Al data pipeline. Further-
more, the development of machine learning algorithms specifically
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designed for the analysis of multi-modal data will be of utmost impor-
tance. Standardizing techniques and creating benchmark datasets will
make it easier to compare and replicate investigations.

The synergistic application of IGC with Al has significant practical
implications, especially within the pharmaceutical and chemical sectors.
Efficient and precise analysis of material properties, including surface
energy, thermodynamic parameters, and compatibility assessments, will
accelerate the formulation creation and optimization procedures.
Moreover, the capacity to visually perceive surface characteristics im-
proves comprehension of material behavior and performance, hence
facilitating well-informed decision-making in the selection and devel-
opment of materials.

6. Conclusions

Inverse gas chromatography (IGC) has emerged as a valuable and
evolving technique in the field of materials science. The historical evo-
lution of IGC, stemming from its origins in gas chromatography (GC),
has positioned it as a versatile technique for investigating the physico-
chemical properties of materials. Over the past several decades, IGC has
proven its efficacy in characterizing both the surface and bulk properties
of various materials. Its adaptability, precision, and simplicity make it a
valuable tool in analytical laboratories. Furthermore, the integration of
IGC with artificial intelligence (AI) and computer vision and image
processing (CVIP) techniques holds great promise. By combining IGC
with AI and CVIP, researchers can gain a comprehensive understanding
of the chemical and physical aspects of materials, particularly their
surface characteristics. This convergence opens up new avenues for
exploring the complexities of advanced materials and provides valuable
insights into their behavior.

This review serves as a comprehensive overview of IGC’s advance-
ments and its potential convergence with Al and CVIP. The synergistic
combination of IGC and CVIP offers exciting opportunities for advancing
our understanding of advanced materials and their surface properties.
By harnessing the power of IGC, AL, and CVIP, researchers can accelerate
material discovery and development, leading to the design of innovative
materials with tailored properties and enhanced performance. Addi-
tionally, the integration of IGC with AI and CVIP can contribute to the
advancement of fundamental scientific understanding in areas such as
interfacial phenomena, adsorption kinetics, and surface chemistry. By
utilizing machine learning algorithms and advanced image analysis
techniques, researchers can uncover intricate relationships between
material structure, surface properties, and performance. This knowledge
can be leveraged to develop new theoretical models, validate existing
theories, and refine our understanding of complex material systems.

In summary, the convergence of IGC, AL, and CVIP holds great
promise for pushing the frontiers of edge-cutting areas in materials
science. From the design of advanced functional materials to quality
control in industries and fundamental scientific investigations, the
integration of these techniques can lead to transformative advance-
ments. By embracing this multidisciplinary approach, researchers can
unlock new opportunities for innovation, discovery, and optimization in
materials science and related fields.

Additionally, the convergence of IGC, Al, and CVIP holds great
promise for pushing the frontiers of edge-cutting areas in materials
science. From the design of advanced functional materials to quality
control in industries and fundamental scientific investigations, the
integration of these techniques can lead to transformative advance-
ments. By embracing this multidisciplinary approach, researchers can
unlock new opportunities for innovation, discovery, and optimization in
materials science and related fields. This knowledge can be leveraged to
develop new theoretical models, validate existing theories, and refine
our understanding of complex material systems.
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