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A B S T R A C T

The development of multifunctional porous composites with tailored structural and surface properties is of 
significant interest for advanced material applications. In this work, activated carbon-zeolite-magnetite (AC-Z- 
Fe3O4) composites were synthesized via a one-pot hydrothermal method followed by carbonization, using citric 
acid or polyvinyl alcohol (PVA) as binders. Citric acid-assisted synthesis produced homogeneous composites with 
enhanced interfacial bonding and uniform magnetite distribution. Comprehensive physicochemical character
ization was performed using scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spec
troscopy (EDS), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and nitrogen 
adsorption-desorption (BET) analyses. SEM-EDS confirmed the effective integration of activated carbon, 
zeolite, and magnetite phases, while XRD demonstrated retention of AC and magnetite crystallinity with partial 
preservation of the zeolite framework. FTIR indicated reduced surface hydrophilicity, and BET analysis revealed 
hierarchical micropore-mesopore structures with pore sizes below 20 Å. These structural and textural features 
establish the composites as robust, multifunctional materials with hierarchical porosity and tuneable surface 
properties. The systematic comparison of binder chemistry provides insights for designing integrated porous 
composites, establishing a foundation for future investigations into gas adsorption applications.

1. Introduction

The rapid increase in atmospheric CO2 levels driven by fossil 
fuel–based energy production has raised significant environmental 
concerns [1]. Major emissions originate from coal- and gas-fired power 
plants, which has led to growing interest in post-combustion carbon 
capture technologies [2,3]. This approach is especially attractive due to 
its compatibility with existing industrial systems [4]. However, practical 
implementation remains challenging because of the low CO2 partial 
pressure and the presence of nitrogen in flue gas, which demand mate
rials with high surface area, optimized pore structure, strong chemical 
stability, and economic feasibility [5,6]. In this context, 
adsorption-based separation has gained attention as a viable alternative 
to conventional solvent-based methods, offering advantages such as 

lower energy requirements, reduced corrosion, and simpler operation 
[7]. Consequently, the development of advanced adsorbent materials 
has become a key focus, where performance is largely dictated by 
physicochemical characteristics, including surface area, pore volume, 
microporosity, and surface functional groups [8,9]. Consequently, 
extensive research has been devoted to the development of advanced 
porous materials such as activated carbons, zeolites, metal oxides, and 
composite adsorbents [10–12]. Activated carbon is widely studied 
owing to its high specific surface area, tunable pore structure, hydro
phobic nature, and low production cost [12]. However, its relatively 
weak affinity toward CO2 and limited selectivity in the presence of 
competing gases restrict its standalone applicability [13]. Zeolites, on 
the other hand, exhibit strong CO2 affinity due to their well defined 
microporous frameworks and electrostatic interactions arising from 
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framework cations [14]. Despite their excellent adsorption characteris
tics, zeolites often suffer from moisture sensitivity and diffusion limi
tations under practical operating conditions [15,16]. These limitations 
highlight the need for hybrid materials that can integrate the advantages 
of different adsorbent classes while mitigating their individual draw
backs [17,18]. Composite adsorbents have gained increasing attention 
as next-generation materials for gas separation applications due to their 
potential to exhibit synergistic structural and textural properties [13]. 
By combining porous carbons with crystalline inorganic frameworks, 
composite materials can offer hierarchical pore structures, improved 
mass transfer characteristics, and enhanced structural stability [19]. In 
this context, the incorporation of metal oxides into carbon-zeolite 
matrices represents an effective strategy to introduce additional func
tionality and structural tuning. Magnetite (Fe3O4) is a low-cost iron 
oxide with surface Lewis acidic (Fe2+/Fe3+) and Lewis basic (O2− ) sites 
capable of interacting with the quadrupole moment of CO2 molecules 
[20] and also as a particularly attractive additive for composite adsor
bent design due to its chemical stability, low toxicity, and magnetic 
properties. Beyond enabling facile magnetic separation and handling, 
magnetite nanoparticles can influence pore development, surface het
erogeneity, and composite integrity when uniformly dispersed within 
porous matrices [21]. Several studies have demonstrated that 
magnetite-based composites exhibit improved structural robustness and 
tunable textural characteristics, making them promising candidates for 
adsorption-related applications. Nevertheless, systematic studies 
focusing on the structural integration of magnetite within activated 
carbon-zeolite systems and their resulting physicochemical properties 
remain limited [22–24].

In this work, a AC-Z-Fe3O4 composite adsorbent is synthesized and 
systematically characterized, with emphasis on its structural features 
and physicochemical properties arising from the material design and 
fabrication approach. The composite architecture integrates the high 
surface area and hydrophobicity of activated carbon, the crystalline 
microporosity of zeolite, and the structural reinforcement and magnetic 
functionality of magnetite. Comprehensive characterization using SEM, 
EDS, XRD, and nitrogen adsorption-desorption (BET) analysis is 
employed to elucidate morphology, phase integration, crystallinity, and 
pore structure. Rather than evaluating adsorption performance metrics, 
the scope of this study is deliberately focused on material design, 
interfacial compatibility, pore architecture, and structural integrity- 
critical prerequisites for any potential adsorption application. Specif
ically, this work systematically investigates the role of binder chemistry 
(citric acid vs. PVA) and magnetite incorporation on the structural and 
textural properties of AC-Z composites. By establishing a detailed un
derstanding of how synthesis parameters affect composite formation, 
this study provides a foundational framework for future investigations 
into adsorption performance.

2. Materials and methods

2.1. Research framework

The overall research methodology followed a systematic framework 
consisting of material evaluation, composite synthesis, physicochemical 
characterization. The detailed research framework is illustrated in 
Fig. 1.

2.2. Materials

AC, zeolite 13X, and magnetite (Fe3O4) were selected as the primary 
constituents for the fabrication of composite adsorbents due to their 
complementary physicochemical properties relevant to adsorption- 
based gas separation. The activated carbon was supplied by the Badan 
Riset dan Inovasi Nasional (BRIN), Indonesia, and was produced 
through high-temperature carbonization of chicken manure under an 
inert atmosphere to enhance porosity and remove volatile components. 

Prior to use, the activated carbon was ground and sieved to a particle 
size of 200 mesh to ensure uniform mixing with other components. 
Commercial zeolite 13X was procured from a local supplier (Henan 
Shengwell Environmental Protection Technology Co., Ltd.) and supplied 
in spherical granule form. The zeolite was mechanically crushed and 
sieved to 200 mesh to obtain a particle size comparable to that of the 
activated carbon. Analytical grade magnetite (Fe3O4) powder was pur
chased from Sigma-Aldrich and used without further purification to 
avoid compositional alteration. Citric acid monohydrate (analytical 
grade, Merck Chemicals) and PVA, analytical grade, Sigma-Aldrich) 
were employed as binder agents to improve interparticle adhesion and 
composite structural integrity. All aqueous solutions were prepared 
using deionized (DI) water to eliminate interference from dissolved ionic 
species.

2.3. Synthesis of AC-Z-Fe3O4 composite adsorbent

The composite adsorbents were synthesized via a one-pot hydro
thermal route followed by thermal treatment under an inert atmosphere. 
This approach was selected to promote homogeneous dispersion of 
constituents while preserving the porous structure of the adsorbent 
matrix. A series of composite formulations were prepared to examine the 
influence of binder type and magnetite loading on the physicochemical 
properties of the resulting materials. The compositions of the synthe
sized samples are summarized in Table 1.

To prepare the base slurry, activated carbon (4.0 g) and zeolite 13X 
(4.0 g) were dispersed in 50 mL of deionized water and magnetically 
stirred for 20 min to ensure uniform suspension. For magnetite- 
containing composites, Fe3O4 powder was introduced into the AC-Z 

Fig. 1. Research framework flowchart.
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slurry at loadings of 1.0 g or 2.0 g, followed by ultrasonication for 20 
min to promote homogeneous dispersion and prevent particle 
agglomeration.

Binder solutions were prepared separately prior to addition. For 
citric acid binding, 2.0 g of citric acid monohydrate was dissolved in 20 
mL of deionized water under magnetic stirring for 20 min. For PVA 
binding, 2.0 g of PVA was dissolved in 20 mL of deionized water at 
100 ◦C until a clear and homogeneous solution was obtained. The 
respective binder solutions were then slowly added to the AC-Z or AC-Z- 
Fe3O4 slurry, followed by ultrasonication for an additional 20 min to 
ensure uniform coating and interparticle interaction.

The resulting homogeneous mixtures were transferred into Teflon- 
lined stainless-steel autoclaves and subjected to hydrothermal treat
ment at 110 ◦C for 3 h. After natural cooling to room temperature, the 
solid products were recovered by filtration and dried overnight under 
ambient conditions. The dried samples were subsequently carbonized in 
a tubular furnace under a nitrogen atmosphere using a controlled 
heating program to avoid structural collapse and preserve porosity. 
After carbonization, the composite materials were ground and sieved to 
200 mesh to obtain uniform powders suitable for physicochemical 
characterization. A schematic representation of the synthesis procedure 
is shown in Fig. 2.

2.4. Physicochemical characterization

The morphology and surface characteristics of the synthesized 
composite adsorbents were examined using SEM to assess particle size 
distribution, surface roughness, and structural integration among com
posite constituents. Elemental composition and spatial distribution were 
analyzed using EDS coupled with SEM. The crystalline structure and 
phase composition of the materials were investigated using XRD. 
Diffraction patterns were recorded over an appropriate 2θ range, and 
characteristic reflections were used to identify crystalline phases cor
responding to magnetite and zeolite, as well as to assess structural sta
bility following composite formation. Surface functional groups and 
chemical interactions between composite components were analyzed 
using Fourier-transform infrared spectroscopy (FTIR). Spectra were 
recorded in the mid-infrared region to identify functional groups origi
nating from activated carbon, zeolite frameworks, and binder agents. 
Textural properties, including specific surface area, pore volume, and 
pore size distribution, were determined using nitrogen adsorption- 

desorption measurements conducted at 77 K. Prior to analysis, sam
ples were degassed under vacuum to remove adsorbed moisture and 
gases. The Brunauer-Emmett-Teller (BET) method was employed to 
calculate specific surface area, while pore size distribution and total pore 
volume were derived from adsorption data using appropriate models.

3. Results and discussion

3.1. Physicochemical characterization of AC-Z-Fe3O4 composites

The synthesized AC-Z-Fe3O4 composites were comprehensively 
characterized to evaluate structural integrity, morphological features, 
chemical composition, and textural properties. SEM, EDS, XRD, FTIR, 
and BET analyses were employed to understand how the synthesis 
strategy affects material integration and properties relevant to post- 
combustion CO2 capture.

3.1.1. Morphology and elemental distribution (SEM-EDS)
SEM analysis was conducted to investigate the surface morphology 

and microstructural integration of the composite constituents. Fig. 3(a) 
presents the SEM micrograph of sample KD-01, synthesized using citric 
acid as a binder, at a magnification of 1000 × . The composite exhibits 
irregularly shaped particles with sizes ranging from approximately 10 to 
30 μm. Two distinct morphological domains are evident: darker, 
rounded regions corresponding to activated carbon and brighter, 
angular regions attributed to zeolite particles, as confirmed by EDS 
analysis.

EDS spectra obtained from representative regions reveal that the red 
highlighted (Fig. 3(c)) region contains a high carbon content (~87 wt 
%), whereas the green highlighted region (Fig. 3(b)) contains measur
able silicon (~3 wt%) and aluminum, confirming the coexistence of 
activated carbon and zeolite phases within the composite. Importantly, 
the close interfacial contact between these domains indicates effective 
particle binding and successful composite formation, highlighting the 
role of citric acid in promoting interparticle cohesion during hydro
thermal synthesis.

In contrast, the SEM-EDS results for sample KD-03, synthesized 
without a binder (Fig. 4), reveal a markedly different morphology. 
Although the elemental composition confirms the presence of activated 
carbon (~89 wt% C) (green circle; Fig. 4(b)) and zeolite (~8 wt% Si and 
~5 wt% Al rich regions) (red square; Fig. 4(c)), the two phases appear 
largely segregated, with minimal interfacial interaction.

Sample KD-04, prepared using PVA as a binder, exhibits a 
morphology similar to KD-03, characterized by dispersed fine zeolite 
particles with limited adhesion to the AC matrix (Fig. 5(a)). While 
localized regions (blue marked area) show partial zeolite coating on AC 
surfaces, these interactions are sparse compared to KD-01. EDS analysis 
further supports this observation: the bonded region (green circle; Fig. 5
(c)) contains ~83 wt% carbon with trace Si and Al, while the unbonded 
region (red circle; Fig. 5(b)) contains ~34 wt% carbon, 7 wt% Al, and 9 

Table 1 
Composition of synthesized composite samples.

Sample ID Primary Materials Binder

KD-01 4g AC + 4g Zeolite 13X Citric acid
KD-03 4g AC + 4g Zeolite 13X -
KD-04 4g AC + 4g Zeolite 13X PVA
KD-06 4g AC + 4g Zeolite 13X + 1g Fe3O4 Citric acid
KD-07 4g AC + 4g Zeolite 13X + 2g Fe3O4 Citric acid

Fig. 2. Composite synthesis process flow.
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wt% Si.
SEM-EDS analysis of magnetite-containing samples KD-06 and KD- 

07 (Figs. 6 and 7) confirms successful incorporation of Fe3O4 into the 
composite structure. Fe is clearly detected in the Fe-rich regions, with Fe 
contents of approximately 14 wt% for KD-06 and 36 wt% for KD-07, 
consistent with the intended magnetite loadings. Morphologically, 
both samples exhibit improved phase integration and reduced 

segregation of zeolite particles, closely resembling the microstructure of 
KD-01.

SEM analysis (Figs. 3–7) revealed clear differences in phase inte
gration. KD-01 (citric acid) exhibited intimate contact between AC and 
zeolite domains (Fig. 3(a)), while KD-03 (binder-free) showed pro
nounced phase segregation (Fig. 4(a)). KD-04 (PVA) demonstrated in
termediate adhesion (Fig. 5(a)). Magnetite-containing samples (KD-06, 

Fig. 3. KD-01 image of (a) SEM in ×1000 magnification (b) EDS red highlighted region (c) EDS green highlighted region.

Fig. 4. KD-03 image of (a) SEM in ×1000 magnification (b) EDS green highlighted region (c) EDS red highlighted region.
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KD-07) maintained the well-integrated morphology characteristic of 
citric acid-bound composites, with EDS confirming homogeneous Fe 
distribution (Figs. 6 and 7).

To further verify the magnetic functionality of the composites, a 
digital photograph demonstrating their response to an external magnetic 
field is presented in Fig. 8. The clear attraction of the composite particles 
toward the magnet confirms the successful incorporation of magnetite 

Fig. 5. KD-04 image of (a) SEM in ×1000 magnification (b) EDS red highlighted region (c) EDS green highlighted region.

Fig. 6. KD-06 image of (a) SEM in ×1000 magnification (b) EDS red high
lighted region.

Fig. 7. KD-07 image of (a) SEM in ×1000 magnification (b) EDS red high
lighted region.
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and the resulting magnetic behavior.
Overall, SEM-EDS analysis demonstrates that citric acid plays a 

crucial role in achieving homogeneous composite formation, while 
controlled magnetite incorporation does not compromise structural 
integrity. The observed microstructural integration is a key prerequisite 
for achieving favorable adsorption-relevant properties.

3.1.2. XRD analysis
XRD analysis was performed to identify crystalline phases and assess 

structural preservation following composite synthesis. Fig. 8 presents 
the diffraction patterns of the primary materials and representative 
composite samples.

Activated carbon exhibits a broad diffraction feature centered 
around 26◦, characteristic of turbostratic carbon structures. This feature 
is retained in all composite samples, indicating that the carbonaceous 
framework remains structurally stable during synthesis. Pristine zeolite 
13X displays multiple sharp diffraction peaks at low angles (approxi
mately 7◦, 9◦, 12◦, and 16◦), corresponding to its ordered aluminosili
cate framework. In the composite samples, the intensity of these zeolite- 
related reflections is significantly reduced. This attenuation may arise 
from multiple factors, including physical dilution within the composite 
matrix (zeolite comprises only half of the solid components), partial 
masking by amorphous carbon and magnetite phases, and possible 
structural degradation of the zeolite framework during hydrothermal 
treatment or carbonization. Zeolite 13X is known to be sensitive to hy
drothermal conditions, and framework collapse or dealumination can 
occur under elevated temperature and pressure in aqueous environ
ments. The hydrothermal synthesis step (110 ◦C for 3 h) may have 
induced partial structural damage, particularly at the external surfaces 
of zeolite crystallites, and the subsequent carbonization step could 
further affect zeolite crystallinity.

However, several observations suggest that some zeolite structural 
elements remain intact. FTIR analysis (Fig. 10) confirms the preserva
tion of characteristic Si–O–Al stretching vibrations in the 900-1200 
cm− 1 region for all composites, indicating that the fundamental alumi
nosilicate framework is retained. EDS analysis (Figs. 3–7) consistently 
detected silicon and aluminum in the composite matrices, with Al/Si 
ratios approximating that of pristine zeolite. Furthermore, residual low- 
intensity peaks corresponding to zeolite reflections are still discernible 
in the composite patterns, particularly in KD-01, suggesting partial 
rather than complete framework destruction.

Magnetite-containing composites KD-06 and KD-07 exhibit distinct 

diffraction peaks at approximately 30◦, 35◦, 43◦, 54◦, 57◦, and 64◦, 
corresponding to the characteristic reflections of Fe3O4. The presence 
and sharpness of these peaks confirm successful incorporation of 
magnetite without phase transformation or significant crystallinity loss 
during synthesis. Notably, no additional peaks corresponding to iron- 
silicate or iron-aluminate phases were detected, suggesting that 
magnetite remains as a discrete phase without extensive chemical re
action with the zeolite framework. This phase separation is beneficial for 
maintaining the individual functionalities of each component. The 
coexistence of the amorphous carbon feature, residual zeolite re
flections, and sharp magnetite peaks highlights the multiphase nature of 
the composite adsorbents.

3.1.3. Fourier-transform infrared spectroscopy (F-TIR) analysis
FTIR spectroscopy was employed to analyze surface functional 

groups and chemical interactions among composite constituents. As 
shown in Fig. 10, all samples exhibit a broad absorption band around 
3400 cm− 1, associated with O–H stretching vibrations from adsorbed 
water and surface hydroxyl groups. Pristine zeolite shows the most 
intense hydroxyl absorption, reflecting its hydrophilic nature, while 
activated carbon exhibits relatively weak absorption in this region.

The composite samples display notably reduced O–H band intensity 
compared to zeolite, indicating partial surface modification toward 
lower hydrophilicity. This behavior is beneficial for post-combustion 
CO2 capture, as excessive hydrophilicity can adversely affect adsorp
tion performance under humid flue gas conditions. Additionally, the 
characteristic Si–O–Al stretching vibrations in the 900–1200 cm− 1 re
gion are preserved in all composite samples, confirming the structural 
integrity of the zeolite framework after composite formation.

While the presence of magnetite introduces potential Lewis acid-base 
sites (Fe2+/Fe3+) that could theoretically interact with CO2, direct evi
dence for such interactions requires techniques such as CO2-temperature 
programmed desorption (CO2-TPD) or in situ spectroscopy. In the cur
rent study, the role of magnetite is primarily structural (influencing pore 
development) and functional (providing magnetic separability), with 
chemical interactions with adsorbates remaining to be confirmed.

3.1.4. Textural properties
Nitrogen adsorption-desorption measurements were conducted at 

77 K to evaluate the textural properties of the synthesized composites. 
The specific surface area was calculated using the BET method, while 
total pore volume was determined from the amount adsorbed at P/P0 ≈

Fig. 8. Magnetic response of AC-Z-Fe3O4 composite, (a) Uniform dispersion of particles prior to magnetic field application, (b) Rapid migration and accumulation of 
particles toward an external magnet, confirming the successful incorporation of magnetite and magnetic separability of the composite.
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0.99. Micropore volume was obtained via t-plot analysis. A summary of 
the textural parameters for all samples is presented in Table 2.

The textural properties varied significantly with binder type, 
consistent with SEM observations of phase integration. KD-01 (citric 
acid binder) exhibited the highest surface area (550 m2/g) and pore 
volumes (total: 0.32 cm3/g; micropore: 0.21 cm3/g), correlating with 
the homogeneous phase distribution seen in Fig. 3 where intimate AC-Z 
contact facilitates an interconnected pore network. Carbonization of 
citric acid may also contribute additional microporous carbon [23]. In 
contrast, KD-03 (binder-free) showed the lowest values (400 m2/g; 0.24 
cm3/g; 0.13 cm3/g), directly reflecting the phase-segregated 
morphology in Fig. 4 where poor interfacial contact limits pore devel
opment. KD-04 (PVA binder) demonstrated intermediate properties 
(430 m2/g; 0.26 cm3/g; 0.15 cm3/g), consistent with Fig. 5 showing only 
partial particle adhesion, confirming that PVA is less effective than citric 
acid for promoting optimal porosity.

Magnetite-containing composites exhibited systematic textural 
changes. KD-06 (1 g Fe3O4) showed surface area of 500 m2/g and total 
pore volume of 0.28 cm3/g, slightly lower than KD-01 due to dilution by 
low surface area magnetite (typical Fe3O4 BET: ~95 m2/g [24]). How
ever, its micropore volume (0.19 cm3/g) represents approximately 68% 
of total pore volume, higher than KD-01 (~65%), suggesting magnetite 
influences pore development beyond simple dilution. KD-07 (2 g Fe3O4) 
showed further reduction in surface area (450 m2/g) and total pore 
volume (0.26 cm3/g), yet maintained a high micropore fraction 
(~65%). XRD analysis (Fig. 9) confirms magnetite crystallinity is pre
served in both composites, indicating Fe3O4 particles remain structur
ally intact and capable of influencing pore architecture.

The observed variation in BET surface area and pore volume from the 
raw materials to the final composites can be attributed to the combined 
effects of pore blocking, pore modification, and phase dilution during 
composite formation. In particular, the incorporation of magnetite 
nanoparticles plays a critical role in altering the pore architecture. Due 
to their nanoscale size, Fe3O4 particles can become localized both on the 
external surface and within the internal pore channels of activated 
carbon and zeolite. Partial occupation of micropores by magnetite may 
reduce the accessible surface area by limiting nitrogen adsorption, a 
phenomenon commonly referred to as pore blocking. Simultaneously, 
magnetite particles may line the internal walls of larger pores, effec
tively narrowing pore diameters and contributing to the observed shift 
toward smaller pore sizes. This dual effect explains the reduction in 
overall surface area with increasing magnetite loading, while main
taining or even enhancing the fraction of microporosity. In addition, the 
inherently low surface area of magnetite compared to activated carbon 
further contributes to the apparent decrease in BET surface area through 
a dilution effect. Therefore, the final textural properties of the com
posites result from a balance between structural integration, pore 
accessibility, and nanoparticle distribution within the porous matrix.

Pore size distribution analysis (Fig. 11) provides additional insight 
into the effect of magnetite incorporation. Although the average pore 
diameters reported in Table 2 are larger than the kinetic diameter of CO2 
(3.3 Å [25]), the pore size distributions reveal that a substantial fraction 
of pores lies below 20 Å, which is particularly relevant for gas 
confinement. All citric acid-bound composites (KD-01, KD-06, KD-07) 
exhibit hierarchical porosity combining micropores (<20 Å) with small 
mesopores. Notably, magnetite-containing samples (KD-06 and KD-07) 
display a higher proportion of pores in the sub-20 Å range compared 
to KD-01 (Fig. 10), confirming that magnetite incorporation promotes 
narrow micropore development, consistent with trends reported for 
zeolite-carbon composite systems in the literature. This pore refinement 
with increasing magnetite content, where nanoparticles may occupy or 
line larger pores, effectively narrowing pore channels has been reported 
in similar magnetic composite systems [21,24].

The importance of micropore structure, particularly in composite 
systems, has been widely reported in the literature. For instance, Panek 
et al. [26] demonstrated that carbon-zeolite composites derived from fly 
ash exhibit enhanced adsorption performance due to the development of 
well defined microporous structures and improved surface heterogene
ity. Similarly, Zhou et al. [27] reported that core-shell carbon-zeolite 
composites synthesized from biomass-derived precursors exhibit 
improved pore architecture and surface accessibility, which are closely 
linked to enhanced adsorption and catalytic performance. In addition, 
Bandura et al. [28] verified that zeolite-carbon composites prepared 
from high carbon fly ash possess tailored microporous networks that 
significantly influence adsorption behavior toward organic compounds. 

Table 2 
Textural properties of synthesized composite adsorbents.

Sample Composition Binder BET 
surface 
area (m2/ 
g)

Total pore 
volume 
(cm3/g)

Micropore 
volume 
(cm3/g)

KD-01 AC (4g) +
Zeolite (4g)

Citric 
Acid

550 0.32 0.21

KD-03 AC (4g) +
Zeolite (4g)

None 400 0.24 0.13

KD-04 AC (4g) +
Zeolite (4g)

PVA 430 0.26 0.15

KD-06 AC (4g) +
Zeolite (4g) +
Fe3O4 (1g)

Citric 
Acid

500 0.28 0.19

KD-07 AC (4g) +
Zeolite (4g) +
Fe3O4 (2g)

Citric 
Acid

450 0.26 0.17

Fig. 9. XRD result of primary material with KD specimen.

Fig. 10. FTIR Analysis comparison with KD specimens with Zeolite and AC.
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These studies collectively highlight that the formation and modification 
of micropores in composite materials are strongly dependent on syn
thesis strategy and component integration. In the present work, the 
observed increase in the fraction of narrow pores (<20 Å), particularly 
in magnetite-containing samples, is consistent with these findings and 
further supports the role of composite design in tuning pore structure.

The coexistence of micropores (providing adsorption sites) and 
mesopores (facilitating gas transport) is advantageous for adsorption 
applications. FTIR analysis (Fig. 10) complements these findings by 
showing reduced surface hydrophilicity in all composites compared to 
pristine zeolite, which may benefit adsorption under humid conditions.

3.1.5. Structure-property implications for adsorbent design
SEM-EDS analysis clearly demonstrates that citric acid is a superior 

binder compared to PVA under one-pot hydrothermal synthesis condi
tions. Samples synthesized using citric acid (KD-01, KD-06, and KD-07) 
exhibit enhanced interfacial bonding between AC, zeolite, and magne
tite, whereas PVA-based samples (KD-03 and KD-04) show pronounced 
phase separation. XRD results confirm that the crystalline phases of AC 
(around 26◦) and magnetite (peaks at 30◦, 35◦, and 43◦) are preserved 
during synthesis. The diminished zeolite diffraction intensity suggests 
partial structural masking or reduced retention, consistent with 
elemental analysis. FTIR analysis indicates successful surface modifica
tion toward reduced hydrophilicity, as evidenced by weaker hydroxyl- 
related absorption bands. This property is critical for CO2 adsorption 
under realistic flue gas conditions containing moisture. Finally, BET 
analysis reveals a favorable hierarchical pore structure, combining 
mesoporous transport channels with microporous adsorption sites. The 
presence of pores below 20 Å, particularly in KD-06 and KD-07, is a 
textural feature often associated with enhanced confinement of small 
gas molecules such as CO2 (kinetic diameter 3.3 Å). While adsorption 
measurements are required to confirm this, the observed pore archi
tecture satisfies key textural prerequisites for further evaluation in gas 
separation applications.

3.2. Comparison with literature

To contextualize the textural properties of the synthesized compos
ites, Table 3 presents a comparison with previously reported AC-Z, Z- 
Fe3O4, and related composite materials from the literature. The values 
for the present work (KD-01 and KD-07) are included for direct com
parison. The comparison reveals several important observations. First, 
the MAGZA composite (zeolite-magnetite) reported by Sani Kovo et al. 
[29] exhibits a surface area of 110.5 m2/g and pore volume of 0.185 
cm3/g. In contrast, the AC-Z-Fe3O4 composites synthesized in this work 
(KD-01 and KD-07) demonstrate substantially higher surface areas 
(450-550 m2/g) and pore volumes (0.26-0.32 cm3/g). This enhancement 
is attributed to the incorporation of high surface area activated carbon, 
which is absent in the MAGZA system. Second, the pore size distribution 
of the present composites (2.6-3.1 nm) falls within the range reported 
for AC-Z hybrids (16-50 nm in Ref. [25]) but skewed toward the 
micropore/small mesopore region. The smaller pore sizes observed in 
KD-07 (2.63 nm) compared to KD-01 (3.14 nm) confirm the 
pore-refining effect of magnetite incorporation noted in Section 3.1.4. 
Third, compared to pristine Philippine natural zeolite (33.9 m2/g) and 
its magnetite-functionalized derivative (45.1 m2/g) [30], the present 
composites show order-of-magnitude higher surface areas, highlighting 
the advantage of combining synthetic zeolite 13X with activated carbon 
rather than using natural zeolites alone. Fourth, the surface areas ach
ieved in this work approach the lower range of pristine activated car
bons (725-1523 m2/g [31]) while adding the benefits of zeolite 
microporosity and magnetic functionality. This demonstrates that the 
citric acid-assisted synthesis successfully preserves much of the acti
vated carbon's porosity while integrating the other components. The 
textural properties of KD-01 and KD-07 compare favorably with litera
ture values for similar multicomponent systems, confirming that the 
one-pot hydrothermal method with citric acid binder produces com
posites with competitive surface areas and well-developed porosity 
suitable for further evaluation in adsorption applications.

4. Conclusion

AC-Z-Fe3O4 composites were successfully synthesized through citric 
acid-assisted one-pot hydrothermal treatment followed by carboniza
tion. Citric acid proved superior to PVA or binder-free methods, pro
moting uniform integration of AC, zeolite, and magnetite. SEM-EDS 
confirmed strong interfacial bonding and homogeneous Fe distribution, 
while XRD preserved AC and magnetite crystallinity with partial 

Fig. 11. Pore size distribution of (a) KD-01, (b) KD-06, and (c) KD-07.
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retention of the zeolite framework. FTIR analysis indicated decreased 
surface hydrophilicity, and BET revealed hierarchical micropore- 
mesopore networks with pore sizes below 20 Å, combining high sur
face area with effective transport pathways. These results establish the 
synthesized composites as structurally robust materials with tunable 
textural properties. The systematic comparison demonstrates that citric 
acid is superior to PVA for achieving homogeneous phase integration in 
AC-Z-Fe3O4 systems. The resulting composites exhibit hierarchical pore 
networks combining micro- and mesoporosity, along with reduced sur
face hydrophilicity compared to pristine zeolite. While this study is 
limited to synthesis and structural characterization, the findings provide 
a well defined material platform and establish key structure-property 
relationships that can inform future investigations into adsorption per
formance. The incorporation of magnetite additionally offers magnetic 
functionality for potential ease of material handling.
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