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ABSTRACT

A detailed analysis of the four commercial stationary phases often applied in liquid chromatography was per-
formed using the following: SEM-EDS techniques and specific surface area and porosity analysis methods (mul-
tipoint BET, BJH, DH and DFT). The SEM-EDS results confirmed that the main component of all adsorbents
examined is silica (SiOz), while differences in oxygen content indicate varied approaches to surface modification,
ranging from the strongly hydrophilic phase of TSK Gel Amide-80 to the hydrophobic Nucleodur C18 Gravity.
Besides, the presence of trace amounts of metals may influence the additional analyte-adsorbent interaction of
different nature. A comparison of specific adsorbent surface area data obtained using the multipoint BET method
with the manufacturers values revealed significant discrepancies in the cases of TSK Gel Amide 80 and Nucleodur
C18 Gravity, which may be the result of differences in pore accessibility and measurement methods. However, the
Eurospher II 100-5 HILIC and Purospher STAR NH: phases showed good agreement with the manufacturers data.
The porous structure of the phase studied shows significant differences: TSK Gel Amide 80 is characterized by
mesopores with a uniform distribution, which favor the retention of larger molecules; Eurospher II 100-5 HILIC
is microporous and selective for small, polar analytes; Nucleodur C18 Gravity has a structure typical of reversed
phase materials; and Purospher STAR NH: exhibits the highest porosity, which favors the retention of large mol-
ecules, although it can also lead to the retention of undesirable analytes.

Keywords: adsorbent, liquid chromatography, SEM-EDS, multipoint BET, porosity.

INTRODUCTION

environmental and other, also industrial applica-
tions. A critical factor determining the efficiency

Liquid chromatography is one of the key
separation techniques used in the qualitative and
quantitative analysis of complex chemical mix-
tures. This process is also increasingly used to
separate compounds from of the different mix-
tures on an industrial scale. Due to its high sensi-
tivity and selectivity, it is widely used in various
fields, including pharmaceutical, biochemical,
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of this process is the use of adequate adsorbents
as the stationary phase, which defines the reten-
tion/sorption mechanism. The structural param-
eters of the materials used as stationary phases,
such as the specific surface area, the pore size
distribution and volume, the morphology and
the chemical nature of the surface directly influ-
ence the interactions between the analytes and the
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adsorbent surface. Furthermore, mass transport
phenomena and dispersion processes within the
flow system must be considered, as they play a
key role in shaping and determining the width of
chromatographic peaks. The complex interplay
between the porous structure of the adsorbent,
the physicochemical properties of the analytes,
and the operating conditions of chromatography
affects the overall separation efficiency, which
makes the characterization of stationary phases
the subject of extensive scientific research [1, 2].
Contemporary research on liquid chromatog-
raphy, particularly in the context of mass transport
mechanisms, diffusion, and dispersion, empha-
sizes the critical importance of thoroughly under-
standing the structure of adsorbents in the separa-
tion process. As mentioned above, the structure of
adsorbents including their morphology, specific
surface area, pore volume, and pore size distribu-
tion plays a key role in determining mass transport
mechanisms within the chromatographic column.
A high specific surface area, resulting from the
presence of numerous pores of varying sizes (mi-
cro-, meso- and macropores), promotes effective
adsorption of analytes by increasing the number
of available interaction sites, which translates into
improved separation resolution. However, a com-
plex and often irregular surface structure may si-
multaneously act as a barrier to the free flow of the
mobile phase and analytes. In such cases, analyte
molecules must overcome various diffusion resis-
tances, both in the interparticle space and within
the internal pore structure of the adsorbent, leading
to a reduction in the mass transport rate. In prac-
tice, this means that the more intricate and devel-
oped the material structure, the greater the overall
diffusion resistance, which can result in broadened
chromatographic peaks, reduced detection sensi-
tivity, and decreased separation resolution [3—6].
The pore size distribution is a crucial factor
that influences the efficiency of mass transport
in chromatographic systems. Porosity that en-
compasses a wide range of sizes — from micro-
pores to macropores — can lead to uneven flow
of the mobile phase, resulting in the formation
of zones with different diffusion velocities. This
variation causes local differences in the reten-
tion times of the analyte, which consequently af-
fects the width and symmetry of the chromato-
graphic peaks. Small pores, while increasing the
total specific surface area of the adsorbent, can
create very narrow channels that hinder the free
flow of molecules and increase the resistance to

transport. These limitations favor what is known
as pore diffusion, which occurs more slowly
than diffusion in the mobile phase, delaying the
transport of analytes and leading to peak broad-
ening over time. On the other hand, larger pores
provide better access to the internal space and
facilitate the migration of molecules, promoting
faster transport and more favorable peak profiles.
Such structural heterogeneity of the pore system
directly affects the dispersion phenomenon — the
spread of molecules in the mobile phase — which
is critical for assessing the quality of separation.
The greater the dispersion, the lower the resolu-
tion and analytical precision of the method [7-9].

The mass transport mechanisms in a chro-
matographic column result from a complex com-
bination of molecular diffusion and convective
flow of the mobile phase. Molecular diffusion,
occurring at the microscale level, is responsible
for the spreading of analyte molecules within
the pores of the adsorbent, where convective
flow ensures movement of the mobile phase
through the column, enabling the transport of
analytes. The detailed mathematical analysis of
the mass transport phenomena in chromatogra-
phy is described in detail in the available lit-
erature (e.g. [10-18]). A very important factor
is also dispersion. Dispersion is primarily the
result of differences in the diffusion velocities
of analyte molecules in different parts of the
column. When a band migrates along a column
packed with e.g. adsorbent particles, it spreads
axially because of the combination effects of ax-
ial diffusion and the inhomogeneity of the pat-
tern of flow velocity in a packed bed (this phe-
nomenon is particularly noticeable in the case
of porous materials, often with an irregular pore
structure, where molecules can move along dif-
ferent paths at varying speeds). In this case we
are dealing with the axial dispersion. This com-
bination of effects is accounted for by a single
term — so called the axial dispersion coefficient.
It is independent of the mass transfer resistance
and of the other contributions of kinetic origin
to band broadening. To a large extent, it partic-
ipates in mass transfer processes and influences
the ability of a material to adsorb substances.
The greater the dispersion, the more spread out
the shapes of the chromatographic peaks, lead-
ing to a decrease in the separation resolution. In
porous beds (e.g. in chromatographic columns),
axial dispersion can be expressed by the so
called axial Peclet number, Pe, [18]:
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u-L

Pe =
€= D e (1)

where: # — mean linear velocity of mobile phase
flow (¢cm/s), L — column length (cm), D,
— axial dispersion coefficient (cm*/s), &~
the external (or interparticle or interstitial)
porosity, which is the fractional volume
of the cavities in the bed that are between
and around the particles.

The height equivalent to a theoretical plate, H
- Eq.(2), is a parameter that describes the efficien-
cy of a chromatographic column — the smaller the
value of H, the more efficient the separation of
analytes [12, 16-18]:

H_L
= Pe 2

It can be interpreted as the length of the col-
umn segment where the theoretical separation of
substances occurs. A high value of H indicates
strong dispersion and loss of resolution, while a
low value signifies well-optimized flow and mini-
mization of analyte band-broadening phenomena.

In addition, interactions between analytes and
the adsorbent can be modified through chemi-
cal surface modification, which affects both the
adsorption efficiency and mass-transport mecha-
nisms. For example, the introduction of specific
functional groups, such as hydroxyl, amino, or
carboxyl groups, increases the affinity of the ad-
sorbent for selected compounds, enhancing inter-
actions between the adsorbent and the analyte.
Such modifications can also subtly alter the nature
of pores — for instance, by changing their polarity
— which affects the diffusion of molecules within
the adsorbent structure, facilitating or restricting
their transport. This allows for precise adjust-
ment of material properties to a specific chro-
matographic application, resulting in improved
selectivity and separation efficiency [6, 19-20].
The availability of data provided by manufactur-
ers and presented in the literature regarding the

characteristics of the adsorbents used is limited;
therefore a detailed characterization of adsorbents
seems to be very important. Research of this type
was the main goal of our work. Our investigations
included both the study of the different adsorbent
surface structure using advanced microscopic
techniques (e.g. SEM-EDS) and the evaluation
of pore distribution and measurement of specific
surface area (e.g., using the multipoint BET, BJH,
DH, DFT methods), which is an essential tool
in optimizing chromatographic processes. This
analysis allows identification of key relationships
between the microstructure of the adsorbents and
the mass transport mechanisms, allowing the pre-
cise matching of the materials with specific ana-
lytical requirements [21-23].

MATERIALS AND METHODS

Materials

In this article, four commercial adsorbents
were used for the studies (Table 1). These adsor-
bents (from the columns listed in Table 1) were
selected for their different adsorption properties
and their wide and different practical applications
in liquid chromatography. Table 1 also presents the
column parameters declared by the manufacturer.

Methodology of study

Microanalysis SEM-EDS of stationary phases

The SEM-EDS (scanning electron micros-
copy with energy dispersive X-ray spectrosco-
py) method is an analytical technique used for
detailed analysis of the morphology of samples
and their chemical composition. In this method,
a scanning electron microscope (SEM) is used
to obtain high-resolution images of the surface
of the samples, and then an energy dispersive
X-ray spectrometer (EDS) allows for precise
chemical analysis by measuring the energy of
X-ray photons emitted from the sample, which

Table 1. The parameters of the chromatographic columns under investigation, as declared by the manufacturer

. Adsorbent - Column Mean particle Specific surface
Chromatographic columns . . Filling structure . ) ; >
designation dimensions [mm] diameter [um] area [m?%q]
TSK Gel Amide-80 A amide 4.6 x 100 5 450
Eurospher 1l 100-5 HILIC B dipolar 4.6 x 150 5 320
Nucleodur C18 Gravity C C-18 4.0x125 5 338
Purospher STAR NH, D amine 4.6 x 125 5 330
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allows the identification of the chemical el-
ements present in the analyzed sample [21,
24, 25]. In the conducted studies, a TESCAN
MIRA3 SEM microscope equipped with an Ox-
ford Instruments X-MaxN EDS spectrometer
was used. The analyses were performed with an
accelerating voltage of 20 keV, which provided
the necessary resolution and accuracy to obtain
SEM images and EDS analysis. The working
distance was set to 15 mm. During the analy-
sis, the samples were placed on aluminum stubs
covered with carbon tape, which was visible
as a black background in the SEM images. To
obtain SEM images,, we used a back scattered
electron (BSE) detector, allowing for detailed
surface topography imaging. Furthermore, to
determine the chemical composition of the sam-
ples, EDS maps were acquired, with acquisition
times of 30 minutes, and individual EDS spectra
were recorded for 180 seconds per sample. In
each case, ten spectra were acquired to ensure
good averaging of the results.

SEM allows for the acquisition of surface
images of samples with very high resolution,
enabling detailed analysis of surface topogra-
phy, particle shape, particle size, and any mi-
crostructures within the material. Images ob-
tained by scanning electron microscopy provide
the ability to identify potential defects, pores,
cracks, and other characteristic structural fea-
tures that may be significant in the context of
material applications. Additionally, integration
of energy dispersive X-ray spectroscopy (EDS)
with SEM allows for real-time chemical analy-
sis [24, 25].

Analysis of the specific surface area
of stationary phases

The BET method (developed by Brunauer,
Emmett, and Teller) is one of the most widely
used techniques to determine the specific sur-
face area of solid materials, including station-
ary phases used in liquid chromatography. It is
based on the phenomenon of reversible adsorp-
tion of gas molecules on the surface of a solid,
without the involvement of chemical bonding.
The nitrogen is the most commonly used adsor-
bate, and measurements are typically performed
at its liquefaction temperature (77 K), which al-
lows the acquisition of a well-defined and re-
producible adsorption isotherm. The aim of the
BET method is to estimate the specific surface

area, that is, the total surface area available for
adsorption per unit mass of material (expressed
in m?/g). The determination of this value is
based on the analysis of the nitrogen adsorption
isotherm, a curve showing the amount of gas
adsorbed by the sample as a function of the rela-
tive pressure P/Po, where P denotes the working
pressure and Py is the saturated vapor pressure
of the adsorbate [26-28].

In the present study, the multipoint BET
method was used for surface area analysis,
which involves collecting data from several
measurement points within the range of low
relative pressures. It is assumed that adsorp-
tion occurs primarily through the formation of
a monolayer of gas molecules on the surface of
the material. Although the BET model also ac-
counts for the possibility of multilayer adsorp-
tion, the key focus is on estimating the volume
of the first monolayer, as this value serves as the
basis for calculating the specific surface area. A
linear form of the BET equation is used to deter-
mine the model parameters, and the resulting co-
efficients allow for the calculation of the volume
of gas adsorbed in the monolayer. This value
is then converted into surface area on the basis
of known physical properties of the adsorbate,
such as the surface area occupied by a single ni-
trogen molecule. The multipoint BET method,
compared to the single-point BET version, is
characterized by greater accuracy and resistance
to errors resulting from imperfect data fitting.
When multiple measurement points are incorpo-
rated, it is possible to more accurately reflect the
actual course of the adsorption isotherm, which
improves the reliability of the results, particu-
larly for materials with heterogeneous surface
morphology, irregular pores, or microporosity
presence. The analysis of the specific surface
area and the pore and volume size distribution
was performed using the NOVA 1200e Surface
Area & Pore Size Analyzer form Quantachrome
INSTRUMENTS. The powder samples were
vacuum degassed prior to analysis. The degas-
sing lasted 2h for each sample. The degassing
temperature was set at 250 °C. In the context
of chromatographic studies, determining the
specific surface area of the stationary phase not
only enables comparison of the physicochemical
properties of different materials, but also con-
tributes to a better understanding of the retention
mechanisms and intermolecular interactions the
occur during the separation process [23, 29, 30].
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Analysis of the pore volume and size distribution
of stationary phases

Characterization of the porosity of adsorbents
is an important step in evaluating their suitability
as stationary phases in liquid chromatography.
One of the most commonly used techniques for
porosity analysis, particularly in the mesopore
range, is the BJH method (i.e. the Barret-Joyner-
Halenda method), which is based on the analysis
of the nitrogen adsorption/desorption isotherm.
This method uses the modified Kelvin equation to
describe the phenomenon of capillary condensa-
tion occurring in cylindrical pores Equation 3. The
main assumption of the BJH method is that during
nitrogen adsorption, under specific pressure and
temperature conditions, the adsorbate condenses
in the pores, which allow its size to be estimated
on the basis of changes in adsorbate volume. The
applications of the Kelvin equation are presented
in the available literature [e.g. 22, 31].

P _ 2yVy
lTLP—O = m (3)
P

where: P, — relative pressure, y — surface ten-
sion of a liquid, ¥,, — molar volume of lig-
uid nitrogen, r,— capillary radius, R — gas
constant, 7' — temperature in Kelvin (for

liquid nitrogen 77 K) [22].

In the case of materials with irregular pore
structures or complex morphology, the BJH
method can lead to an underestimation of the mi-
cropore volume and errors in interpreting the pore
distribution shape. This is particularly problem-
atic when the pore structure is more complex than
the simple cylindrical geometry assumed by this
method. In such cases, traditional approaches may
not fully account for the characteristics of pores
with irregular shapes, leading to incorrect conclu-
sions about the pore size and porosity of the ma-
terial. To improve the accuracy of measurements
in such cases, the BJH method is increasingly
supplemented with advanced analysis based on
density functional theory (DFT). This theory al-
lows for the consideration of more complex inter-
actions between adsorbate molecules and the pore
walls. DFT enables the modeling of various pore
geometries, such as slit-like, conical, or cylindri-
cal, which allows for better reproduction of the
actual adsorption conditions. Additionally, when
the porosity of materials is evaluated, it is use-
ful to calculate the average pore diameter (DH),
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which serves as an indicator of the general poros-
ity properties of the materials. The average pore
diameter is calculated as the ratio of four times
the pore volume to the specific surface area of the
material. Although this value is simplified and
does not fully account for the complexity of the
pore geometries, it provides a useful comparative
parameter that enables a quick assessment of the
porosity of the samples studied and can serve as a
starting point for more advanced analyses [22, 32,
33]. Therefore, in the present study, the results of
the BJH analysis were supplemented with an ad-
ditional evaluation using DFT and the calculation
of the average DH. This approach allowed for
more precise information to be obtained regard-
ing the porous structure of the materials.

RESULTS AND DISCUSSION

Microanalysis SEM-EDS of stationary phases

The results of the SEM-EDS analysis are pre-
sented in Table 2. The results showed that all of
the adsorbents tested contain silicon and oxygen
as dominant elements, indicating the presence of
silica (Si0O2) as the primary base material of the
stationary phases. The highest oxygen content
(58.75%) was found for adsorbent D, suggesting
possible differences in the surface modification
process compared to other materials. A slightly
lower oxygen content was observed for adsorbent
A (58.33%). The lowest oxygen content (51.33%)
was observed for adsorbent C, which may indi-
cate a higher degree of hydrophobic modification.
The chromium (Cr), iron (Fe), and nickel (Ni)
were present in all samples but in trace amounts
(below 5%). The highest iron content (3.28%)
was found for adsorbent B, which could influence
interactions with analytes containing functional
groups that interact with metals. The nickel (Ni)
content was similar between different samples
(0.33-0.43%), but was highest for the adsorbent C
(0.43%), which may be significant when analyz-
ing substances susceptible to metallic catalysis.

Figure 1 shows the SEM-EDS and SEM-
macro images of adsorbent A. The adsorbent is
characterized by a fine-grained, irregular surface
structure. Numerous micropores and indentations
are visible, suggesting a relatively high specific
surface area. This type of morphology is typi-
cal for stationary phases used in hydrophilic in-
teraction chromatography (HILIC), where an
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Table 2. Microanalysis of the stationary phases of the chromatographic columns studied

Chromatgraphic columns di‘;?g";g‘;g; O (wt. %) Si (wt. %) Cr (wt. %) Fe (wt. %) Ni (wt. %)
TSK Gel Amide 80 A 58.33 37.64 0.70 2.96 0.35
Eurospher Il 100-5 HILIC B 56.41 39.12 0.778 3.28 0.398
Nucleodur C18 Gravity C 51.33 44.23 0.783 3.22 0.43
Purospher STAR NH, D 58.75 37.49 0.67 2.75 0.33

SEM-EDS

SEM-macro

Figure 1. The SEM image with marked EDS analysis points and the SEM-macro image of the stationary phase
from the TSK Gel Amide 80 chromatographic column
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increased adsorption surface promotes the effec-
tive retention of polar analytes. There may also
be a densification of surface-modifying particles,
indicating strong hydrophilicity.

Figure 2 presents SEM-EDS and SEM-
macro images of adsorbent B. Larger particle

SEM-EDS

aggregates are visible, which may indicate het-
erogeneous surface modification. The presence
of larger aggregates could affect the irregular-
ity of the mobile phase flow and potentially lead
to broad chromatographic peaks. As a results of
the presence of larger structures, the material

Figure 2. The SEM image with marked EDS analysis points and the SEM-macro image of the stationary phase
from the Eurospher II 100-5 HILIC chromatographic column
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may be more prone to clogging and may require
proper sample preparation before analysis. The
material likely has a highly developed porous
microstructure, which may not be visible in the
SEM images, as indicated by its high specific
surface area.

SEM-EDS

Figure 3 shows the SEM-EDS and SEM-mac-
ro images of adsorbent C. The surface is relatively
smooth. The absence of larger particle aggregates
suggests uniform coverage with the hydrophobic
phase C18. This structure is typical for reversed-
phase (RP-HPLC) phases, where modification

Figure 3. The SEM image with marked EDS analysis points and the SEM-macro image of the stationary phase
from the Nucleodur C18 Gravity chromatographic column
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with long hydrocarbon chains increases the mate-
rial’s hydrophobicity. The surface is denser than
that in HILIC materials, which limits the adsorp-
tion of polar analytes. As a result, this material
has a relatively low specific surface area com-
pared to that of HILIC materials, which feature a
more developed porous structure. The material is
suitable for separating nonpolar and moderately
polar analytes in reversed-phase chromatography.
The lack of large pores may limit the adsorption
of proteins and other large molecules.

Figure 4 shows the SEM-EDS and SEM-
macro images of adsorbent D. The surface is
moderately porous, with visible microchannels.
The presence of recessed or fiber-like structures
suggests uneven coverage of the surface with
amine groups. The material may exhibit some
ion-exchange properties, which is advantageous
for the analysis of compounds with weak basic
properties. The structure is somewhat less uni-
form than that of C18, which may affect the re-
peatability of the analyzes.

Analysis of the specific surface area of
stationary phases - multipoint BET method

The specific surface area of the adsorbents
was analyzed using the multipoint BET method
for four different adsorbents designed as A, B, C,
and D — see Table 1. The results were presented in
Figures 5-8. Each of them has a different specific
surface area, which is crucial in the context of
their adsorption properties. The highest specific
surface area value was obtained for adsorbent B,
at 301.729 m?/g, indicating that its high adsorp-
tion capacity and potentially higher efficiency in
processes require a large surface available for ad-
sorption. However, the smallest surface area was
observed for adsorbent C, with a value of 162.554
m?/g, which may suggest that its porous structure
is less developed, resulting in lower adsorption
capacity. The remaining two adsorbents A and
D, achieved intermediate values of 256.39 m*/g
and 285.286 m?/g, respectively, suggesting that
their adsorption capacities are similar. The very
high correlation coefficient for all samples, R =
0.999, indicates a strong agreement between the
data and the multipoint BET model, meaning that
this method effectively describes the adsorption
properties of the studied materials.

A high specific surface area does not always
indicate a good macroscopic structure — an ex-
ample is adsorbent B: despite the aggregates, the
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internal structure provides a good surface for ad-
sorption. The phase with a smooth surface (adsor-
bent C), has a clearly lower specific surface area
— its main purpose is not polar adsorption, but the
selective separation of nonpolar analytes.

The experimentally determined specific sur-
face area values of the stationary phases varied
significantly in some cases from those provided
by the manufacturer (Table 3). For adsorbent A,
the manufacturer declares a value of 450 m%g,
while the result obtained using the multipoint
BET method is 256.39 m?/g. This is a very large
discrepancy (193.61 m?%/g), suggesting that not
all of the surface area declared by the manufac-
turer is actually available for nitrogen adsorp-
tion under multipoint BET conditions. The large
deviation suggests that some of the surface area
may be inaccessible to the gas in the BET analy-
sis (e.g., pore clogging and chemical modifica-
tion limiting accessibility). It is also possible
that the method used by the manufacturer takes
into account additional structural aspects that
are not considered in the multipoint BET meth-
od. Multipoint BET analysis generally confirms
good absorbency, but indicates that the material
may not reach the full potential declared by the
manufacturer. For adsorbent B, the manufac-
turer declared the value is 320 m?/g, while the
multipoint BET analysis showed 301.729 m?%/g,
which resulting in a relatively small difference
(18.27 m?/g). This indicates that the manufac-
turer’s data are largely consistent with the actual
experimental results, suggesting that the pore
structure of this column is fully utilized during
adsorption. However, for adsorbent C, the man-
ufacturer specifies a value of 338 m?/g, while the
multipoint BET method indicated 162.554 m?/g,
representing a significant difference of 175.446
m?/g. This is the second largest discrepancy in
the study, which may suggest that part of the
surface area included in the manufacturer’s dec-
laration is not effectively available for nitrogen
adsorption or that the pore structure does not
allow for full utilization under multipoint BET
measurement conditions. The SEM analysis
confirms the experimental studies of the materi-
al’s specific surface area. The surface is smooth
and compact, resulting in low surface availabil-
ity for adsorption. The hydrophobic modifica-
tion C18 may “close” the pores, reducing the
active surface area. The specific surface area
for adsorbent D, according to the manufacturer,
is 330 m?/g, while the multipoint BET analysis
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SEM-EDS

Figure 4. The SEM image with marked EDS analysis points and the SEM-macro image of the stationary phase
from the Purospher STAR NH, chromatographic column

showed 285.286 m?/g. This means that the actual Analysis of the pore volume and size
specific surface area is about 44.7 m?/g smaller,  distribution of stationary phases

which may indicate differences arising from the Porosity characterization is an important fac-

measurement methodology or the degree of pore  tor in assessing the suitability of stationary phases
accessibility under actual adsorption conditions. used in liquid chromatography, because it directly
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Figure 8. The multipoint BET plot for the stationary phase of the Purospher STAR NH, chromatographic column

Table 3. The specific surface area of adsorbents: comparison of experimental results with manufacturer data

. Adsorbent Surface area (m?#g) - Surface area (m?g) - declared by Percentage
Stationary phase . . : e
designation experimental results the manufacturer variation (%)
TSK Gel Amide 80 A 256.39 450 43.0
Eurospher Il 100-5 HILIC B 301.729 320 5.7
Nucleodur C18 Gravity C 162.554 338 51.9
Purospher STAR NH, D 285.286 330 13.5

influences the accessibility of the surface area of
analytes and the efficiency of retention processes.
In this study, a detailed analysis of four different
chromatographic materials presented in Table 1
was performed. The pore size distribution and
pore volume were determined using BJH, DH,
and DFT methods based on nitrogen adsorption
and desorption isotherms.

The graphs (Figures 9-12) presenting the re-
sults of the BJH analysis show two dependencies:
V' — the cumulative pore volume (cc/g) on the left
Y-axis and dV(logr) — the differential pore volume
distribution with respect to the logarithm of the
pore radius on the right Y-axis. The X-axis repre-
sents the pore radius expressed in [A]. Using a log-
arithmic scale for the radius (“/ogr”) allows for a
more precise and clearer interpretation of the pore
size distribution across a wide range of pore sizes.

The stationary phase A is characterized by an
average pore diameter is approximately 59.49—
69.06 A, determined by the BJH and DH meth-
ods, while the DFT method indicates a slightly
smaller value of 44.61 A (Table 4). This indicates
the presence of mesopores, that is, pores with di-
ameters in the range of 2 to 50 nm. The high con-
sistency of the results obtained by the BJH and

DH methods confirms the stability of the pore
size distribution and the absence of significant
errors arising from model assumptions. The pore
volume of this phase is also relatively high (0.71—
0.75 cc/g), indicating a large available space for
adsorbate molecules. This type of structure can be
beneficial for the separation of compounds with
larger molecular sizes, offering a balance between
the pore accessibility and interaction surface
area. The adsorption and desorption profiles (Fig.
9) suggest the presence of an ordered network
of medium-size pores. The adsorption isotherm
shows an increasing volume of adsorbed nitrogen
with increasing relative pressure. The shape of
the isotherm indicates the presence of mesopores
with a relatively homogeneous size distribution.
The stationary phase B differs significantly in
terms of pore properties. The average pore diam-
eter is approximately 15.9-16.3 A, while the DFT
method gives a value of 7.713 A, which clearly
classifies this material as microporous (< 2 nm).
The pore volume ranges from 0.42 to 0.47 cc/g
(Table 4). Such small pores limit the availabil-
ity of internal surface area for larger molecules,
which may affect the retention of analytes in liquid
chromatography. At the same time, this structure
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Figure 9. The BJH method adsorption/desorption plot for stationary phase of the TSK Gel Amide 80
chromatographic column

favors selective molecular interactions, particu-
larly with small and strongly polar compounds.
The adsorption curve (Figure 10) shows a less
steep adsorption curve compared to adsorbent A.
The gradual increase in the volume of adsorbed
gas suggests a diversity in the pore sizes. In the
case of desorption, a more pronounced hysteresis
is observed compared to the previous adsorbent,
which may indicate a pore structure with an ir-
regular shape. This suggests a greater difficulty in
removing adsorbed molecules, which may influ-
ence chromatographic applications.

The stationary phase C exhibits intermediate
porous properties — the diameter of the pore is ap-
proximately 23.80-41.6 A by the BJH and DH
methods, while using the DFT method approxi-
mately 38.98 A (Table 4). This may indicate the
presence of a more complex pore morphology or
effects related to the averaging of pore profiles
in different mathematical models. The pore vol-
ume ranges from 0.37 to 0.40 cc/g. Such a porous
structure is typical for reverse phase phases and
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allows for effective separation of compounds with
varied polarity and size. In the case of adsorp-
tion (Figure 11), a very characteristic and more
vertical isotherm profile suggests the presence of
well-defined mesopores. Sharp adsorption with-
in a specific pressure range indicates a porosity
optimized for selective adsorption. On the con-
trary, the hysteresis observed during desorption is
smaller than that for the stationary phase B, sug-
gesting a more regular pore structure.

The highest values for both pore diameter and
volume were recorded for the adsorbent D. The
diameter of the pores reaches as high as 76.1 to
93.3 A (BJH and DH methods), and 53.41 A us-
ing the DFT method (Table 4). These values are
characteristic of strongly mesoporous materials
with a tendency toward macroporosity. The pore
volume exceeds 1.1 cc/g, making this phase the
most porous among the analyzed materials. Such a
structure may be significant in the context of large
molecule retention, as well as in the presence of
a reaction affecting the mass transfer rate and the
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Figure 10. The BJH method adsorption/desorption plot for stationary phase of the Eurospher II 100-5 HILIC
chromatographic column

Table 4. The pore volume and size distributions for stationary phases of the chromatographic columns

Pore size distribution
) Adsorption Desorption
Stationary phase DFT [A]
BJH [A] DH [A] BJH [A] DH [A]
A (TSK Gel Amide 80) 69.06 69.06 59.49 59.49 44.61
B (Eurospher Il 100-5 HILIC) 16.29 16.29 15.87 15.87 7.71
C (Nucleodur C18 Gravity) 23.80 23.80 41.62 41.62 38.98
D (Purospher STAR NH,) 93.38 93.38 76.09 76.09 53.41
Volume size distribution
) Adsorption Desorption
Stationary phase DFT [cc/g]
BJH [cc/g] DH [cc/g] BJH [cc/g] DH [cc/g]
A (TSK Gel Amide 80) 0.7246 0.7077 0.7537 0.7364 0.7338
B (Eurospher Il 100-5 HILIC) 0.4356 0.4251 0.4440 0.4337 0.4735
C (Nucleodur C18 Gravity) 0.3856 0.3764 0.3972 0.3880 0.3769
D (Purospher STAR NH,) 1.1450 1.1170 1.1890 1.1610 1.1400

volume of separated pores. High porosity may
also result in greater retention of the mobile phase,
which should be considered when selecting chro-
matographic conditions. In the case of adsorption
(Figure 12), the adsorption profile shows a wide
range of porosity, suggesting the presence of both

mesopores and potentially micropores. The grad-
ual increase in adsorption without a distinct pla-
teau phase indicates a diverse surface structure. In
contrast, during desorption, the largest hysteresis
among all of the analyzed adsorbents is observed,
which indicates a complex pore structure.
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Figure 11. The BJH method adsorption/desorption plot for stationary phase of the Nucleodur C18 Gravity
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CONCLUSIONS

Based on SEM-EDS analyzes of the chro-
matographic column adsorbents, it can be con-
cluded that all materials contain silica (SiO-)
as the main component, which is typical for
stationary phases used in chromatography. Dif-
ferences in oxygen content between materials
indicate varying surface modification process-
es. Specifically, the high oxygen content in the
TSK Gel Amide 80 adsorbent suggests a strong
hydrophilic modification, which promote effec-
tive retention of polar analytes, while the lower
oxygen content in the Nucleodur C18 Gravity
adsorbent indicates a higher degree of hydro-
phobic modification, which is beneficial for the
separation of nonpolar analytes. The Purospher
STAR NH, adsorbent was also shown to have an
oxygen content similar to the TSK Gel Amide
80 adsorbent, indicating the presence of func-
tional groups associated with surface modifica-
tion. Furthermore, the presence of metals such
as iron and nickel, although in trace amounts,
may influence interactions with certain analytes,
especially those reacting with metals. The ana-
lyzed materials exhibit a variety of surface struc-
tures that directly affect their adsorption proper-
ties. The columns with stationary phases having
a more uniform surface, such as C18, are more
effective in separating nonpolar analytes, while
materials such as the TSK Gel Amide 80 station-
ary phase, due to their porosity and higher spe-
cific surface area, perform better in hydrophilic
interaction chromatography. These conclusions
highlight the importance of selecting the appro-
priate stationary phases according to the charac-
teristics of the analyzed samples and the chro-
matographic requirements.

The results of the specific surface area mea-
surements using the multipoint BET method for
the studied chromatographic column adsorbents
showed significant discrepancies compared to
the data declared by the manufacturers for some
stationary phases. The largest discrepancy was
observed for the TSK Gel Amide 80 and Nu-
cleodur C18 Gravity adsorbents, while for other
adsorbents such as Eurospher I 100-5 HILIC
and Purospher STAR NH,, the differences were
smaller, suggesting a better agreement with the
manufacturers data declared. Such large differ-
ences in the specific surface area results may
indicate differences in pore accessibility under
measurement conditions, as well as the use of

different methodologies or additional struc-
tural aspects by the manufacturers that are not
accounted for in the standard multipoint BET
method. These findings emphasize the need
for more precise specific surface area measure-
ments, considering pore accessibility under ac-
tual analytical conditions.

The comparison of all stationary phases
shows that their porous structures differ and
may have a substantial impact on the separation
mechanisms used in liquid chromatography. The
TSK Gel Amide 80 phase features a mesoporous
structure with a pore diameter of approximately
~44-69 A (depending on the method) and a rela-
tively large pore volume (0.71-0.75 cc/g). The
uniform pore distribution and the presence of
hysteresis indicate a stable structure, favorable
for the separation of larger molecules, because
of balanced access to the sorptive surface. The
Eurospher II 100-5 HILIC adsorbent exhibits
a distinctive microporous character, with pore
diameters ranging from ~7-16 A and the pore
volume (0.42 to 0.47 cc/g). This structure pro-
motes selective interactions with small and po-
lar analytes but may limit efficiency for larger
molecules. Hysteresis suggests an irregular pore
structure and potentially more difficult desorp-
tion. The stationary phase of the Nucleodur C18
Gravity has an average porosity, with a varied
pore diameter from ~24 to 42 A (depending on
the method) and moderate pore volume (0.38 to
0.40 cc/g). Its properties are typical for reversed
phase materials, making it versatile in chromato-
graphic applications. The regular pore structure
and small hysteresis favor efficient flow and
easy desorption. The stationary phase of Puro-
spher STAR NH, is notable for having the high-
est porosity, with a diameter of the pores reach-
ing up to 93 A and volume of pores greater than
1.1 cc/g. These properties may indicate the pres-
ence of macropores and a highly diverse pore
structure. While this facilitates the analysis of
large molecules and rapid mass transfer, it also
increases the risk of retention of analytes and af-
fects prolonged desorption.
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