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ABSTRACT

This work studied the textural properties of three adsorbents using nitrogen adsorption-
desorption at a constant low temperature (77 K). The adsorbents are (a) mesoporous silica
(MS), (b) mesoporous silica modified with Fe304 (MSF), and (c) mesoporous silica modified
with Fe304 and coated with deacetylated chitin (MSFDAC). The adsorption-desorption
isotherm curve demonstrated that the studied adsorbents have a mesoporous structure of
type IV, according to the International Union of Pure and Applied Chemistry (IUPAC)
classification. The obtained results show that the Brunauer-Emmett-Teller (BET) isotherm
fits the data better than the Langmuir and the Freundlich isotherms. The surface area of MS
was at its maximum value as compared to MSF and MSFDAC, which were 1000.55, 168.05,
and 163.63 m?2/g, respectively. The analysis of particle size distribution for all adsorbent
materials was in a narrow distribution, suggesting that the structures were mesoporous and
well-defined. Despite slight variations in pore diameter distribution due to loading Fe304
and modification with deacetylated chitin, the MSFDAC adsorbent results in heterogeneity
and unequal particle diameters. The average pore diameter increased from MS (4.6 nm) to
MSF (7.32 nm) and MSFDAC (11.69 nm). Conversely, the total pore volume decreased from
MS (1.15 cm3/g) to MSF (0.89 cm3/g) and MSFDAC (0.48 cm3/g). A comparative study was
carried out with the previous studies, which demonstrated that the textual properties of the
modified magnetic silica adsorbent biomaterial agreed with those of other studies.

Keywords: Core-shell nanocomposites, Gas physisorption, Mesostructured evolution, Pore
size distribution, Surface area modeling.

1. INTRODUCTION

Environmental pollution represents a persistent global challenge, driven by rapid industrial
growth, urban expansion, and continuous technological development, resulting in significant

*Corresponding author

Peer review under the responsibility of University of Baghdad.

https://doi.org/10.31026/j.eng.2026.07.01

This is an open access article under the CC BY 4 license (http://creativecommons.org/licenses/by/4.0/).

Article received: 09/05/2026
Article revised: 17/06/2026
Article accepted: 17/06/2026
Article published: 01/07/2026



http://www.jcoeng.edu.iq/
https://doi.org/10.31026/j.eng.2026.07.01
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8626-5303
mailto:tolen.salah2307p@coeng.uobaghdad.edu.iq
https://orcid.org/0000-0002-3984-9429
mailto:firstauthor@email.com
https://orcid.org/0000-0002-2781-0762)
mailto:ammarabbas@coeng.uobaghdad.edu.iq

T. S. Othman et al. Journal of Engineering, 2026, 32(7)

risks to human health and ecological systems. Heavy metals such as lead (Pb), nickel (Ni),
copper (Cu), mercury (Hg), and cadmium (Cd) are among the most important pollutants
existing in water, which result from different industrial activities, and are characterized by
high atomic weights and high densities (Ali et al., 2021; Ghodke et al., 2021). Removal of
pollutants according to development efficiency, economy, and environmentally friendly
methods has become an immediate requirement (Ali et al., 2021; Oladipo, 2018). Among
the different techniques used for controlling pollution, adsorption has proved to be one of
the most efficient and broadly used methods due to its high efficiency, simplicity in process,
low cost, and ability to remove pollutants to low concentrations. Adsorption is a surface
process in which adsorbent molecules accumulate on the surface of the adsorbent. Physical
and chemical interactions between the adsorbate and the adsorbent surface control the
process (Ghodke et al., 2021; Kurji and Abbas, 2022; Minamisawa et al., 2004).

There are two main types of adsorption processes, which are physical adsorption and
chemical adsorption. Weak van der Waals forces characterize physical adsorption and are
normally reversible, with relatively low temperatures being used. Conversely, chemical
adsorption is associated with a strong interaction between the adsorbate and the adsorbent
surface, and it is mostly irreversible. Improving the performance of adsorbent materials and
enabling their selection for appropriate applications requires improving the overall
efficiency of the adsorption process (Ugwu et al., 2020; Yu et al.,, 2023). The efficiency of
adsorption is significantly based on the properties of the physicochemical adsorbent,
including pore volume, surface area, pore size distribution, and surface functionality. As a
result, extensive research has been conducted on the development of adsorbent materials
with improved performance. Most adsorbents, such as activated carbon, zeolites, silica-
based materials, and various nanostructured adsorbents, all of which have important
potential in environmental treatment (Lu et al., 2007; Moradpour et al., 2021; Wu et al,,
2008). Among these materials, mesoporous materials are significant due to their structural
properties. Mesoporous materials (MS) such as MCM-41, MCM-48, and SiOz are defined as
materials having a pore diameter in the range of 2-50 nm, which provides a large surface
area and allows the molecules to transfer into the internal structure (Kurji and Abbas,
2022). The characteristics of mesoporous silica materials are distinguished by their regular
structure and uniform pore size, making them suitable for many applications (Amin et al.,
2023; Diez et al., 2015; Ezzeddine et al., 2025, 2023). In addition to mesoporous
materials, magnetic nanoparticles such as Fe30s4 have been widely incorporated into
adsorbent systems to enhance their functionality. Fe30a4 offers several advantages, including
magnetic detachability, which facilitates recovery of the absorbent materials after the
adsorption process using an external magnetic field to enhance their functionality (Alattar
etal,, 2026; Wilczynska et al., 2025)

Furthermore, Fe304 can promote the interactivity between the adsorbent and contaminants,
particularly heavy metal ions (Jain, 2025; Zhang et al., 2020; Zhao et al., 2012). On the
other hand, biopolymers have gained increasing advantages in the development of
ecologically friendly adsorbents. Deacetylated chitin (DAC), a biopolymer material
derivative from chitin, is one of the most promising biomass materials due to its non-toxic,
biodegradable, and abundant functional groups such as hydroxyl (-OH) and amino (-NHs)
groups (Rahman et al., 2019; Zhang et al., 2023). These functional groups supply active
sites for adsorption and enhancement of the interaction with different pollutants. The use of
DAC contributes to the sustainability of the material and improves adsorption properties
(Ali and Ali, 2024; Amin et al., 2023; Yu et al., 2020).

2



T. S. Othman et al. Journal of Engineering, 2026, 32(7)

The combination of mesoporous materials, magnetic nanoparticles, and natural polymers
has emerged as a promising strategy to achieve high performance (Duran-Jiménez et al.,
2019; Ragab et al., 2024). These hybrid materials aim to incorporate high surface areas
and regular pore structure (mesoporous materials), magnetic properties (Fe304), and
functional groups (natural materials like DAC) (Ali et al., 2021; Quirarte-Escalante et al.,
2009). Consequently, these compounds have the potential of offering better adsorption
capacity, increased selectivity, and simple separation and regeneration (Quirarte-
Escalante et al., 2009; Samiey et al,, 2014; Simsek et al., 2012; Song et al., 2022). The
N2 adsorption-desorption analysis is an essential method to describe the properties of
surfaces and pores of adsorbent material and, thus, to assess adsorption behavior. The
quantity of N2 that gets attached to the adsorbent surface or within the pore space is
proportional to the surface area of the adsorbent, the characteristics of the solid and gas,
temperature, and the relative pressure of the gas (Allache et al.,, 2025; Amrutha et al.,,
2023; Wang et al,, 2025). Also, adsorption isotherms characterize both heterogeneous and
homogeneous adsorption at the surface, which is the relationship between the quantity of
N2 adsorbed per unit mass of material and the relative pressure at a given temperature
(Calzaferri et al., 2023; Kurji and Abbas, 2022). According to the International Union of
Pure and Applied Chemistry (IUPAC), adsorption behavior isotherms are identified by the
shape of the isotherm curve and the type of hysteresis loop (Al-Ghouti and Da’ana, 2020).
The shape of the isotherm curve is classified into six categories; each type of shape describes
a specific behavior of the adsorbent (Kurji and Abbas, 2022). Isotherm models used to
study adsorbent behavior are Langmuir, Freundlich, and Brunauer-Emmett Teller (BET)
models. In addition to isotherm modeling, other methods may be used; the Barrett-Joyner-
Halenda (BJH) and t-thickness methods are used to analyze pore- size distribution and the
thickness (t) of the adsorbent layer. These models provide valuable information on the
structural properties of the materials and their effects on adsorption behavior (Saghapoor
and Alizadeh, 2021).

Despite several studies (Abukhadra et al., 2023; Alattar et al., 2026; Losito et al., 2021;
Nasaj et al.,, 2022), investigating mesoporous silica loaded with Fe30s and others
investigating mesoporous silica modified with biopolymer materials, few studies have
focused on the texture properties of each step in the modification of the mesoporous silica
structure with Fe304 and biopolymer materials such as deacetylated chitin. The effects of
changes at each step on N2 adsorption-desorption behavior, hysteresis loops, surface area,
average pore volume, and pore size distribution have not yet been fully understood.

The study aims to comparatively study the nature of the adsorption process and textural
properties of MS, MSF, and MSFDAC. This study aimed to examine the textural properties of
the studied materials by measuring nitrogen adsorption/desorption at 77 K, a standard
temperature commonly used in physical nitrogen adsorption measurements due to the
stability of nitrogen adsorption behavior at its boiling point. The experimental data obtained
were interpreted using different adsorption isotherm models to evaluate the surface and
pore properties of the materials, with the resulting parameters being systematically
compared to those reported in previous studies.

2. EXPERIMENTAL AND THEORETICAL WORK
2.1 Adsorption-Desorption Tests

Nitrogen adsorption-desorption measurements were performed for MS, MSF, and MSFDAC
samples at 77 K using a surface area analyzer (BET, BELSORP mini, Japan). The samples
3
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studied were commercially supplied by Sigma-Aldrich (Germany) and used as received
without any additional processing. Before analysis, the samples were conditioned to remove
moisture and any weakly bound species, which could otherwise influence the adsorption
behavior by drying them overnight at 85 °C. The N2 adsorption-desorption measurements
were conducted at the Petroleum Research and Development Center / Iraq. Each experiment
was repeated twice to verify the consistency of the obtained data. The variation between
repeated runs was minimal; therefore, the average values were adopted for further analysis.
The obtained N2 adsorption-desorption data were subsequently used to fit adsorption
isotherms and to estimate key textural properties, including specific surface area, pore
volume, and pore-size distribution. These parameters are directly relevant to interpreting
the adsorption performance of the materials.

2.2 Langmuir Isotherm Model

One of the most popular models that is used to describe adsorption processes is the
Langmuir isotherm model. It assumes that adsorption is taking place on a homogeneous
surface, which occurs at a similar rate to a finite active site. At any given adsorption site, it
can only fit one adsorbate molecule, and thus, the coverage by the adsorbate is monolayer,
and there is no interaction between the adsorbed species (Foo and Hameed, 2010). The
linear form of the Langmuir model is represented in Eq. (1).

P_P 1
QA QAm QAmKL

(1)

Where P represents the pressure (mmHg) at equilibrium, Qa (cm3/ g) is the volume of
nitrogen that is adsorbed at a constant temperature and pressure, and Qam (cm3/g) is the
maximum monolayer adsorption on the solid surface. Ki. can be related to the difference in
the suitable area and adsorbent porosity, which indicates a higher adsorption capacity that
can result in higher pore volume and surface area.

2.3 Freundlich Isotherm Model

The Freundlich isotherm model is an extensively applied model used to describe adsorption
on heterogeneous surfaces. It assumes that the process of adsorption occurs on the surface
with a non-regular distribution of the heat of adsorption. Freundlich isotherm model
provides for multilayer adsorption and assumes that stronger linking sites are occupied first,
followed by weaker sites as the adsorbate concentration increases. The linear form of the
Freundlich model equation is represented in Eq. (2) (Foo and Hameed, 2010).

1
InQ, = InKg + ;lnP (2)

Where Kr represents the Freundlich constant, which refers to adsorption capacity, and n (the
adsorption intensity), which represents the strength or nature of the adsorption process, the
favorability value of n is between 1 and 10, and when 1/n is less than 1, it represents
homogenous adsorption.

2.4 BET Isotherm Model

The BET isotherm model is an essential method employed to analyze gas adsorption
statements for the determination of the specific surface area of porous materials. The BET
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theory includes the principle of multilayer adsorption on solid surfaces. The BET model
assumes that adsorption takes place in multiple layers, where the preliminary layer is
adsorbed with various energy compared to the subsequent layers, and the top layers act
similarly to the condensation of the adsorbate (Saghapoor and Alizadeh, 2021; Sugawara
and Nikaido, 2014; Thommes, 2010). The linear form of the BET isotherm model is
represented in Eq. (3).

(P%) _(C—l)(ﬂ)+ 1
[1-(F)] Q€ B/ QnC

(o]

(3)

Where Qa volume of nitrogen that is adsorbed at relative P/Po, Qam is the maximum volume
of nitrogen that is adsorbed on the solid surface to form a complete monolayer, P is the
pressure equilibrium, P, is the saturated pressure, and C is the BET constant, which is related
to the adsorption energy. Only a limited range of relative pressures (0.05-0.3) allowed the
BET equation to be used for the nitrogen adsorption data collected in this investigation.

2.5 Determination of the Total Surface Area

The total surface area (SA) of adsorbents was verified using Eq. (4) (Thommes, 2010).

_ NQamAn2 (4)

SA 7

Where N is Avogadro's number, Anz is the cross-sectional area of the N2 molecule, which is
equal to 0.162 nm?, and V is the molar volume for the N2 molecule, which equals 22.414
L/mole.

2.6 BJH Pore Diameter and Volume

BJH is a method utilized for determining the pore size diameter (dgsju) and pore volume (Vyp).
This method can be calculated from experimental data by the N2 adsorption-desorption
isotherm at 77 K. BJH was enhanced in 1951 by considering that all pore structures are
cylindrical, having open nonintersecting ends. According to Eq. (5), the BJH model assumed
that the pore radius (rp) was equal to the sum of the Kelvin radius and the thickness (t) of
the adsorbed layer (Medina-Rodriguez and Alvarado, 2021; Saghapoor and Alizadeh,
2021).

In (P) _ 2yvcos(0) )

BJ) ~ RT(r,—t)

Where P/P, is a relative pressure, y is the liquid surface tension in (N/m), v is the molar
volume of the adsorbed, 6 is the contact angle (assumed to be 0°) between the adsorbate and
adsorbent, R is the gas constant (8.314 J/K mole), T is the absolute temperature, and (rp - t)
represents the Kelvin radius.

2.8 Thickness of the Adsorbed Layer

The Halsey equation Eq. (6) provides a method to determine the thickness (t) of the
adsorbent layer dropped on the pore walls (Barrett et al., 1951).
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1/3
-5

In (P%)

3. RESULTS AND DISCUSSION

t = 3.54 (6)

3.1 Adsorption-Desorption Isotherms

The N2 adsorption-desorption data were used to identify the isotherm type and therefore
the nature of the adsorption process for the selected adsorbent material. The N2 adsorption-
desorption isotherms were over the surface of the MS, MSF, MSFDAC as shown in Fig. 1. The
adsorption curve from the adsorption-desorption isotherm clarifies the amount of N2
molecules which adsorbent on surface of adsorbate and within the pores as the proportional
pressure increases, while the desorption curve represents the removal of these molecules
(N2 molecules) with reduction of pressure as displayed in Fig. 1.
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Figure 1. N2 adsorption-desorption isotherm (a) MS (b) MSF (c) MSFDAC
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The maximum amounts of Nz adsorbed at P/P, for the samples were 743 cm?/g for MS. After
uploading Fe304, the adsorption amount decreased to 625 cm3/g for MSF because of surface
covering and pore blocking by Fe304. The adsorption capacity of N2 for the MSFDAC sample
decreased to 350cm3/g after modification by DAC. A decrease in the capacity of adsorption
for MSFDAC is attributed to clear agglomeration by the DAC, which reduces the effect of
capillary condensation and thus reduces the number of porous and specific surface areas.
Fig.1 (a) shows the curve for MS initiates uptake at low relative pressure due to a strong
interaction between the adsorbent - adsorbate and the presence of microporosity in the
composition of silica. At intermediate pressure, about 0.3-0.4, the steep increase of
adsorption capacity conforms to capillary condensation within the mesopores. The curve
gradually went upwards with a nearly horizontal pass through a relative pressure of 0.4-0.8.
The gradual upward trend refers to the fact that the filling of the pores is in multiple stages,
which reflects that the distribution in pore size is wide and there is heterogeneity in the
surface structure. After that, the curve rose sharply and continuously until the relative
pressure reached 0.95. The desorption branch follows the adsorption branch in a parallel
manner and closes the hysteresis loop at a relative pressure of 0.45, creating a distinct
hysteresis loop. The hysteresis loop refers to characteristics of stability and mesoporous
structure, with no pore blockage. The N2 adsorption-desorption isotherm at 77 K can be
classified as IV, and the behavior of the hysteresis loop is close to H2b type according to the
[IUPAC classification (Do Nascimento et al., 2016).

In Fig.1 (b), after being modified with Fe30s4, N2 adsorption- desorption curves begin
gradually with a steady rise from low relative pressure to 0.85 and are followed by a sharp
rise with continuous rise until relative pressure reaches 0.99. The hysteresis loop is open
and unsaturation, suggesting capillary condensation in slit-like pores usually noted in
materials with layered or plate-like features. The structure is mesoporous and irregular in
the distribution of pores, containing a void between the particles. According to the IUPAC
classification, the type of curve is IV isotherm, and it corresponds to an H3-type hysteresis
loop (Thommes, 2010). After modification with Fe304 and DAC, as shown in Fig.1 (c), the
curve closes the loop at P/P, equal to 0.45 and continues with a gradual, unstable rise
without apparent saturation until the relative pressure is close to one. According to [IUPAC
classification, the behavior of upward-opening shape without apparent saturation
corresponds to a type IV isotherm with H3 hysteresis loop type (Ramirez et al., 2005),
pointing out that the presence of mesoporous structures with either irregular or plate-like
morphologies results from the accumulation of particles from DAC. The change in the
hysteresis loop behavior reflects a progressive modification of the pore structure during
loading with Fe304 and DAC coating. The MS material initially had a uniform pore structure.
After the addition of Fe304 nanoparticles, the channels of pores in the structure of MS were
partially filled with Fe304, creating spaces between the particles. The DAC coating increased
the change in pore structure, creating more heterogeneity and less uniformity in the
structure, with crack-like pores. The changes in pore structure are reflected in the curved
shape, a reduction in surface area and pore volume, and an increase in pore radius, which
refers to a gradual departure from the original silica's porous structure (Kalam et al., 2021).

3.2 Adsorption-Desorption Isotherm Models

The Langmuir, Freundlich, and BET isotherm models were widely applied to interpret N2
adsorption-desorption data obtained from porous materials, particularly for evaluating the
textural characteristics. These models also provide a useful basis for identifying the most
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representative adsorption description and estimating the adsorption capacity of the
investigated different porous materials (Erdogan, 2019; Kalam et al., 2021; Kurji and
Abbas, 2022; Ladavos et al., 2012; Passe-Coutrin et al., 2008; Verma et al,, 2024).
Accordingly, the same modeling framework was employed in the present work to examine
the textural properties of the synthesized porous materials, namely MS, MSF, and MSFDAC.
Fig. 2 shows the Langmuir isotherm model Eq. (1) for all three adsorbent materials. This
isotherm model was fitted to the N2 adsorption data for MS, MSF, and MSFDAC with
coefficients of determination (R2) equal to 0.9503, 0.9554, and 0.9879, respectively. Qam and
Kw for all samples can be calculated from the slope and intercept of the linear plot, as shown
in Fig. 2 and reported in Table 1. The linear relation observed that R? for all adsorbent
samples conformed to the Langmuir isotherm model, but not to a high degree (Saghapoor
and Alizadeh, 2021).

The Freundlich isotherm model for all materials, as shown in Fig. 3, was obtained from
experimental data using the appropriate equation Eq. (2). The adsorption data yielded R?
values of 0.9426 for MS and 0.958, 0.8525 for MSF and MSFDAC, respectively. The slope and
intercept of the linearized model shown in Fig. 3 can be calculated, and the resulting
constants are reported in Table 1. These results indicate that the model is poor, suggesting
that adsorption does not occur on a multilayer surface.

The experimental data points of the BET isotherm model Eq. (3) for three samples align
closely with the nitrogen adsorption data presented in Fig. 4, emphasizing the mesoporous
nature of the samples. All three samples presented the higher value of R? and higher
adsorption capacity as in Table 1, when determined using the BET model, noting that this
model is more accurate in representing the nitrogen adsorption behavior and the validity of
the materials' mesoporous structure. The results for BET, as shown in Fig. 4, indicate that
specific SA and pore volume of all adsorbents decreased in the same order.

The pure MS possesses a high SAger of about 1000.55 m?/g because of the mesoporous
structure, while the modified adsorbent samples introduced a reduction in SAger to about
168.05 m?/g for MSF and 163.63 m?/g for MSFDAC, because of pore blockage and structural
modification. Additionally, the pore diameter remained within the mesoporous range (2-50
nm), confirming the conservation of mesoporous despite structural modification.
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Figure 2. N2 Adsorption Isotherm by the Langmuir Model (a) MS (b) MSF (c) MSFDAC
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Table 1. The Parameters and R? for the Isotherm Models

0.5

Isotherm model | parameters MS MSF MSFDAC
Langmuir Qam cm3/g 66.67 7.00 11.38

Ki, 1/mmHg 5.55 8.65 5.08

R? 0.9948 0.9554 0.9869
Freundlich n 0.23 1.89 0.45

Kr, cm3/g/(mmHg)(/n 1.10 158.49 3.58

R2 0.9426 0.9580 0.8525
BET Qam,cm3/g 229.88 38.61 37.59

C 1.01 1.04 1.02

R? 0.9991 0.9981 0.9998

3.3 Pore Size Distribution and Thickness of the Adsorbed Layer

Additionally, analysis of the pore size distribution in BJH (as shown in Fig. 5) and tabulated
in Table 2 detected that all samples MS, MSF, and MSFDAC have a mesoporous structure
with a well-defined, moreover, narrow pore size distribution between 4 and 6.5 nm. For
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modified adsorbent samples, a slight variation in the pore-size distribution suggests
heterogeneity and the presence of pores of unequal sizes, likely due to Fe304 and DAC
loading (Do Nascimento et al., 2016). The calculated pore size diameters (as tabulated in
Table 2) were 4.60 nm for MS, 7.32 nm, and 11.69 nm for MSF and MSFDAC, respectively. In
a similar manner, the total pore volumes were 1.15 cm3/g, 0.89 cm3/g and 0.48 cm3/g for
each of MS, MSF, and MSFDAC, respectively. The t-plot analysis, as shown in Fig. 6, illustrates
the relationship between t and Qa for each adsorbent. For the MS sample (as shown in Fig. 6
(a)), the relationship is not linear; the curve steadily increases and then steeply increases,
suggesting that adsorption occurs only on an external surface and that the pore is of the
mesoporous type (Allache et al., 2025; Song et al., 2022). In Fig. 6 (b) and (c) the relation
increases in a semi-linear manner and deviates sharply upwards with increasing thickness.
Suggesting that the adsorption is not restricted to the formation of surface layers but also
includes partially blocked pores after loading of Fe304 and DAC. Thus, the analysis of the
diagram confirms that the mesoporous structure is predominant with reduced uniformity
after modification. Overall, the combination analysis of adsorption-desorption isotherms,
BET SA, Langmuir modeling; BJH pore distribution, and t-plot indicates that while surface
modification provides further functional properties and proves adsorption properties for
pollutants, it simultaneously reduces the SAser and pore volume.
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Figure 5. BJH particle size distribution for (a) MS (b) MSF (c) MSFDAC
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3.4 Comparison of Surface Properties

A comparison of surface properties was summarized in Table 2, and a comparison was made
with those advised for other adsorbents with porous structures in previous studies (Do
Nascimento et al.,, 2016; Guo et al., 2017; Muhammad Zakir Samriani et al., 2022;
Zhang et al., 2024). The results became clear that the SAger and dgju of MS in the current
study were in the range 809.90 - 1360.14 m?/g for SAget, and in the range 3.04 - 4.9 nm for
dpjn, compared with these studies.

Moreover, the Vp of MS in the current study was higher or close to that of another
mesoporous adsorbent, which ranged from 0.8 to 1.03 cm3/g. However, upon modification
with metal components and biopolymer materials compared with the current study, a
decrease was observed in Sger and pore volume as reported in (Do Nascimento et al., 2016;
Guo et al., 2017; Hatem et al., 2025; Samriani et al., 2022; Zhang et al., 2024).

In contrast, the study (Hussein and Kareem, 2020) reported that SAser and Vp increased
after modification due to differences in the synthesis method. Fe304 was supported by a
mesoporous material, which yielded results opposite those of other studies, as shown in
Table 2. The decreases in the available SAger are commonly observed due to partial pore
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blockage and structural modification (Zhang et al., 2024). Similarly, the integration of
materials such as DAC and other biopolymers can further influence the pore structure by
covering active sites or introducing new functional groups (Saad et al., 2005; Zhang et al.,
2024).

Table 2. The Textural Characterization for Various Mesoporous Magnetic Adsorbents Found from

N2 Adsorption At 77 K
Adsorbent SAger (m?/g)| Ve (cm3/g) | d gju (nm) Reference
MS 1000.55 1.15 4.60 Current study
MSF 168.05 0.89 7.32 Current study
MSFDAC 163.63 0.48 11.69 Current study
MCM-48 1360.14 1.03 2.38 (Kurji and Abbas, 2022)
MCM-41 908.70 0.84 4.07 (Do Nascimento et al,, 2016)
Ce-MCM-41 756.80 0.76 441 (Do Nascimento et al., 2016)
Fe304 54.14 0.23 15.33 (Hussein and Kareem, 2020)
Fe304,@mSi0; 1670.00 0.89 2.89 (Hussein and Kareem, 2020)
MCM-41@APTES 155.19 0.29 7.53 (Hatem et al., 2025)
MCM-41@APTES-BSAI| 17.49 0.06 12.65 (Hatem et al., 2025)
MCM-41 920.43 0.80 3.04 (Muhammad Zakir Samriani et al.,
2022)
Zn-MCM-41 896.04 0.78 2.94 (Muhammad Zakir Samriani et al.,
2022)
MCM-41-A 809.9 0.97 4.9 (Guo et al., 2017)
CS-MCM-41-A 738.3 0.92 3.4 (Guo et al., 2017)
MCM-41 932.69 0.81 3.65 (Zhang et al., 2024)
0.16-Fe-MCM-41 350.28 0.64 2.67 (Zhang et al., 2024)

The modification with DAC and magnetic Fe304 reduces the overall adsorption capacity
compared to pure MS. However, in the presence of functional groups that promote stronger
chemical interactions and improved adsorption selectivity of pollutants such as heavy
metals (Abukhadra et al., 2023; Hatem et al., 2025; Wilczynska et al.,, 2025).
Additionally, the presence of magnetic properties, which contributes more easily to the
separation and regeneration of the hybrid adsorbent after ending the adsorption process
(Kim et al., 2011; Zhao et al., 2012). Then, the modification of mesoporous materials
makes the complex adsorbent more appropriate for targeted applications (Parganiha and
Patel, 2025; Ragab et al., 2024).

4. CONCLUSIONS

According to the IUPAC classification, the adsorption-desorption isotherm proves that the
type of isotherm curve in each of MS, MSF, and MSFDAC is IV, which indicates that the
structure of all materials has a mesoporous structure. The hysteresis loop of the MS sample
is significant with type H2b, while the hysteresis loops for each MSF and MSFDAC sample
are in H3 type. The linear relation and the higher value of R? in the BET isotherm model,
which represents the suitable isotherm model for multi-layer N2 adsorption behavior to the
three selected materials, and is more accurate in surface area determination. The surface
areas for MS, MSF, and MSDAC were 1000.55 m2/g, 168.05 m2/g, and 163.63 m?2/g,
respectively. The BJH model, particle size distribution for three samples, has a well-defined
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and narrow pore size distribution ranging from 4 to 6.5 nm. The pore size distributions of
modified adsorbents showed slight variation, which indicates heterogeneity and the
existence of pores of unequal sizes due to the loading of Fe304 and DAC. dgju for MS, MSF, and
MSFDAC were 4.60 nm, 7.32 nm, and 11.69 nm, respectively, and Vp were 1.15, 0.89, and
0.48 cm3/g for MS, MSF, and MSFDAC, respectively. The comparative results between the
properties and those previously published for mesoporous materials indicated that there
was a decrease in surface area and pore volume of modified mesoporous materials
compared to pure mesoporous silica material. The observed changes in texture properties
and increases in heterogeneity structure refer to the accessibility of adsorption active sites,
which may affect the future absorption performance in practical applications for the
modified materials.

NOMENCLATURE

Symbol | Description Symbol | Description

Anz Cross-sectional area of N tp Pore diameter, nm
molecules, nm?

C BET constant R2 Coefficient of determination, -

dgn Pore size diameter, nm R Gas constant, J/K.mole

KL Langmuir constant,1/mmHg SA Total surface area, m?/g

Kr Freundlich constant, cm3/g/ SAger BET surface area, m2/g
(mmHg)/n

n Favorability value t Thickness of adsorbed layer, nm

N Avogadro number T Absolute temperature, K

p Pressure equilibrium, mmHg Vv Molar volume of N, L/mole

P, Saturation pressure, mmHg Vp Pore volume, cm3/g

P/P, Relative pressure, - Yy Liquid surface tension, N/m

Qa Volume of N, adsorbed, cm3/g 0 Constant angle, degree

Qam Maximum adsorption, cm3/g v Molar volume of adsorbed, cm3/mole
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   P   Q  A =  P   Q  A m +  1   Q  A m  K  L  


  ln  Q  A = ln  K  F +  1  n lnP


     (   P    P  o )   Q  A  [ 1 −  (   P    P  o ) ] =    ( C − 1 )    Q  A m C  (   P    P  o ) +  1    Q  A m C


  S A =     N Q  A m   A  N 2  V


  l n  (   P    P  o ) = −   2 γ υ cos  ( θ )  R T  (   r  p − t )


  t = 3 . 54    (   − 5  l n  (   P    P  o ) )   1 3

