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We developed a simple method to create hybrid metal-organic framework (MOF) composites to improve COy
adsorption performance: ZIF-8&ZIF-67 (ZZ), UiO-66&ZIF-8 (UZ), and UiO-66&ZIF-8&ZIF-67 (ZUZ). We con-
ducted structural and morphological characterization using TEM, XRD, FTIR, and EDS to confirm the successful
formation of the composites. N sorption analysis showed a significant increase in BET surface area. The surface
area increased from 582.84 m2.g~! for neat Ui0-66-1672.52 m2.g~! for UZ, with ZUZ also showing a high
surface area of 1169.79 m2.g~!. We carried out CO, adsorption measurements at 273, 303, and 313 K under
different pressures. At 303 K, ZUZ showed higher CO, uptake, reaching 1.5 mmol/g at 1 bar and 7.0 mmol/g at
10 bars. In contrast, neat UiO-66 only reached 1.2 mmol/g and 3.2 mmol/g under the same conditions. These
results highlight how structural hybridization can change porosity and improve CO2 adsorption performance.

1. Introduction

In the past decades, rising atmospheric COy levels driven by
anthropogenic activities have sped up research in a multidirectional
way, with an assessment into porous and recyclable liquid materials as
sustainable alternatives to conventional amine-based absorption tech-
nologies [1,2]. Unlike chemical absorption in amine solutions, which
involves chemisorption through strong covalent or ionic
adsorbate-adsorbent bonds requiring substantial thermal energy for
regeneration, gas adsorption in metal-organic frameworks (MOFs) pro-
ceeds predominantly via reversible physisorption mechanisms|3,4].
These physisorptive interactions, characterized by weak van der Waals
forces and electrostatic attractions, significantly reduce energy regen-
eration requirements, reduce operational costs, and improve framework
stability across multiple adsorption-desorption cycles.

ZIFs are a subclass of MOFs because they have shared common
properties [5]. Structurally, ZIFs are formed by coordinating metal ions
with imidazole-based ligands. Two extensively studied ZIFs for CO2
capture are ZIF-8 and ZIF-67, synthesized from zinc ions and cobalt ions,
respectively [6,7]. Owing to their unique structural properties ZIF-8 and
ZIF-67 offer high surface area and tunable porosity. Additionally, they
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exhibit good thermal and chemical stability, making them suitable for
use across a wide range of conditions [8,9]. Both ZIFs share the same
sodalite-type topology but differ in their metal centers: Zn>* in ZIF-8
confers high thermal and chemical stability, while Co?" in ZIF-67 en-
ables stronger CO, interactions via Lewis acid-base affinity, thereby
enhancing adsorption capacity and selectivity[10].

The MOF UiO-66, which has gained significant attention for CO,
capture, is composed of zirconium ions coordinated with terephthalic
acid linkers. UiO-66 contains a high surface area (800-1200 mz.g'l) and
porosity [11]. However, challenges arise from hydrophilicity, where
competitive water adsorption reduces CO5 uptake capacity under humid
conditions. Such a limitation creates an unwanted issue when quanti-
fying CO2 capture scenarios, particularly in post-combustion flue gas
streams with a substantial moisture content [12].

Our approach involves straightforward synthesis of a complex
structure to create hybrid composite structures through forward re-
actions, specifically with ZIF-8&ZIF-67 (ZZ), UiO-66&ZIF-8 (UZ), and
ZIF-8&UiO-66&ZIF-67 (ZUZ), designed to integrate hydrophobic sta-
bility with enhanced CO; affinity. The ZUZ composite synergistically
combines the hydrophobic characteristics of ZIF-8, the strong COs
interaction arising from Co>" sites in ZIF-67, and the high porosity of
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UiO-66, resulting in superior adsorption performance under high-
pressure conditions [13-17].

To evaluate CO5 adsorption in the hybrid composites, experiments
were carried out at different temperatures and pressures, followed by
characterization and thermal analysis. Furthermore, the experimental
data were analyzed using the Langmuir, Freundlich, and Temkin
isotherm models, which helped in evaluating the monolayer capacity,
surface heterogeneity, micropore filling, and adsorption energy varia-
tion. Among these models, the Freundlich model exhibited the best fit
for ZUZ and ZZ, indicating heterogeneous surface adsorption as the
dominant mechanism. While for our UZ and UiO-66, the Langmuir
model provided a better fit, suggesting that CO, adsorption on these
materials is mainly governed by monolayer adsorption. The thermody-
namic analysis of COy adsorption on ZUZ reveals a spontaneous and
exothermic physisorption process with AG°=-1622.64, -992.71, and
-534.47 J/mol at 273, 303, and 313 K, respectively. The negative
enthalpy change AH° = -1035.9 J/mol confirms that the adsorption
process is dominated by physisorption, indicating that CO5 uptake on
ZUZ is suitable for low-energy regeneration. To the best of our knowl-
edge and approach, the design of a triple-MOF composite integrating
two distinct ZIF topologies with UiO-66, using PVP as a capping agent,
has not been previously reported elsewhere; therefore, we have
attempted to present a systematic report.

Teller (BET) method within the relative pressure range (typically P/
P¢=0.05-1) appropriate for mesoporous and microporous materials.
This technique provides critical insights into the textural properties of
porous materials and is widely used to characterize metal-organic
frameworks [17].

2. Materials and methods
2.1. Materials

All chemicals were purchased from commercial sources (Sigma
Aldrich) and used without further purification unless otherwise noted.
Zirconium oxychloride octahydrate (ZrOCly-8 H,0, >98%), terephthalic
acid (HpBDC, >99%), N, N-dimethylformamide (DMF, >99.8%), hy-
drochloric acid (HCl, 37%), zinc nitrate hexahydrate (Zn(NOs)2-6 H50,
> 98%), cobalt nitrate hexahydrate (Co(NOs3)2-6 HoO, > 98%), 2-meth-
ylimidazole (2-MIM, >99%), Methanol (MeOH, >98%), and poly-
vinylpyrrolidone (PVP, MW= 40,000).

2.2. Synthesis

2.2.1. Preparation of UiO—66

The synthesis of UiO—66 followed a similar protocol reported else-
where [12]. In total, a 100 mL glass vial was charged with ZrOCl,-8 H,O
(483 mg), dissolved in DMF (10 mL), and HCI (1 mL, 37%). The mixture
was sonicated for 20 min to ensure complete dissolution. In a separate
100 mL vial, terephthalic acid (249 mg) was dissolved in DMF (20 mL)
and sonicated for 10 min. The terephthalic acid solution was transferred
to the first vial, and the combined mixture was sonicated for an addi-
tional 20 min. The reaction mixture was heated in a programmable oven
at 120°C for 24 h. After cooling to room temperature, the white crys-
talline product was collected by centrifugation and washed sequentially
with DMF (3 x 30 mL) and ethanol (3 x 30 mL) to remove unreacted
organic linkers. The final product was dried in an oven at 60 °C for 24 h.
Yield: 86.7% (360 mg). This yield is low compared to the literature,
since the integration of HCI in the synthesis of UiO—66 introduces de-
fects within the framework, such as missing-linker defects and unreacted
sites in Zr clusters, which influence the yield of the material [16,18].

The synthetic route leading to the formation of UZ, ZZ, and ZUZ
materials is depicted in Fig. 1.

2.2.2. Preparation of ZIF-8
ZIF—8 was synthesized following this procedure with minor
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Fig. 1. Schematic representation of the stepwise synthesis procedures for the
preparation of UiO—66-composites.

modification.

[19]. Zn (NOg3)2-6 Ho0 (2.98 g) was dissolved in the suspension and
stirred for an additional 12 h. A solution of 2-methylimidazole (2-MIM,
6.57 g) in absolute methanol (15 mL) was prepared and added to the
suspension. The reaction mixture was stirred for 1 h at room tempera-
ture, and the product was collected by centrifugation and dried at 60 °C
for 24 h. Yield: 71%.

2.2.3. Preparation of ZIF—67

Co(NO3)2-6 H20 (2.91 g) was dissolved in absolute methanol and
stirred for 12 h. Then, a solution of 2-MIM (6.57 g, 80 mmol) in absolute
methanol (15 mL) was added, and the mixture was stirred for 1 h. The
resulting suspension was then further stirred for an additional hour,
after which the product was collected by centrifugation and dried at 60
°C for 24 h, affording the product in 74% yield [20].

2.2.4. Preparation of ZIF-8&UiO—66(UZ)

Following a recently modified procedure by Zhang et al. [21],
UiO—66 (0.1 g) was dispersed in absolute methanol (35 mL) and soni-
cated at room temperature for an hour to obtain a homogeneous sus-
pension. PVP (0.2 g) was added as a structure-directing agent [22], and
the mixture was stirred continuously. After keeping for 12h, Zn
(NO3)2-6 H0 (2.98 g) was dissolved in the suspension and stirred for an
additional 12 h. A solution of 2-methylimidazole (2-MIM, 6.57 g) in
absolute methanol (15 mL) was prepared and added to the suspension.
The reaction mixture was stirred for 1 h at room temperature, and the
product was collected by centrifugation and dried at 60 °C for 24 h.
Yield: 90%.

2.2.5. Preparation of ZIF-8&ZIF—67 (ZZ)
Zn (NO3)2-6 HoO (2.98 g) was dissolved in absolute methanol and
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stirred for 12 h. A solution of 2-MIM (6.57 g, 80 mmol) in absolute
methanol (15 mL) was added, and the mixture was stirred for 1 h. Co
(NO3)2-6 H20 (2.91 g) was then added to the suspension under contin-
uous stirring for an additional hour. The product was collected by
centrifugation and dried at 60 °C for 24 h, as reported according to the
reference [23], reaching a yield of 75%.

2.2.6. Preparation of ZIF—8&UiO—66&ZIF—67 (ZUZ)

UiO—66 (0.1 g) was dispersed in absolute methanol (35 mL) via
sonication at 25 °C for 1 h to achieve a homogeneous suspension. PVP
(0.2 g) was added as a capping agent [22], and the mixture was stirred
continuously. After 12 h, Zn (NO3)2-6 H20 (2.98 g) was dissolved in the
suspension and stirred for an additional 12 h. A solution of 2-MIM
(6.57 g, 80 mmol) in absolute methanol (15 mL) was added, followed
by 1 h of stirring. Finally, Co (NO3),-6 H20 (2.91 g) was added, and the
mixture was stirred for an additional hour before the product was
collected by centrifugation and dried at 60 °C for 24 h, resulting in a
yield of approximately 81%.

3. Characterization and measurements
3.1. Thermogravimetric analysis (TGA)

Thermal resistance and degradation characteristics were evaluated
using a Discovery TGA thermogravimetric analyzer (TA Instruments,
New Castle, DE, United States) following established protocols [24].
Sample masses of 10 mg were weighed using an analytical balance
(accuracy +0.1 mg) and placed in alumina crucibles. Samples were
heated in a high-purity nitrogen atmosphere (99.99%, flow rate:
10 mL/min) from ambient temperature (25 + 2 °C) to 700°C at a
heating rate of 10 °C/min, with temperature calibration performed
using high-purity metal standards following the guidelines [25]. Mass
loss values were recorded continuously throughout the experiment, and
derivative thermogravimetric curves were calculated to identify specific
transition stages [26].

3.2. Fourier transform infrared (FTIR)

FTIR was performed to analyze the chemical composition using a
PerkinElmer FTIR spectrometer equipped with a diamond ATR acces-
sory. Before the analysis, background spectra were collected and auto-
matically subtracted from sample spectra. Spectra were recorded in the
range of 4000-600 cm™! with a resolution of 4 cm™?, accumulating 16
scans per sample to improve signal-to-noise ratio. Data processing and
peak analysis were performed using PerkinElmer Spectrum software
(PerkinElmer Spectrum 10™ software) following already established
procedures for spectral characterization and triplicated to ensure
reproducibility, and thus averaged spectra are presented [27].

3.3. X-ray diffraction (XRD)

XRD was conducted to examine the crystalline structure using a D8
Advance Phaser diffractometer (Bruker D8 Advance) with CuKa radia-
tion (A = 1.54056 A), following standard procedures for characteriza-
tion [28]. Powdered samples were carefully ground using an agate
mortar and pestle to ensure a uniform particle-size distribution and
loaded onto zero-background silicon holders. Analyses were performed
within a 26 range of 5-60 ° at operating conditions of 40 kV and 40 mA,
with a step size of 0.02 ° and a counting time of 1 s per step.

3.4. Transmission electron microscopy (TEM) and scanning transmission
electron microscopy (STEM)

TEM and STEM were conducted on a Cs-corrected 200 kV Themis
(Thermo Fisher) microscope with 0.8 A resolution (in TEM mode) and
equipped with Energy Dispersive X-ray Spectroscopy (EDS). The TEM
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samples were made by dropping the dry powder on carbon-coated TEM
grids (Ted Pella).

3.5. N adsorption isotherms

N, isotherms were measured at 77 K using a Micromeritics TRISTAR
II PLUS surface area and porosity analyzer. Before the measurements,
the samples were degassed under vacuum at 120 °C for 12 h to remove
any adsorbed moisture or residual solvents, ensuring accurate surface
area analysis. The specific surface area was calculated using the
Brunauer-Emmett-Teller (BET) method within the relative pressure
range (typically P/Py=0.05-1) appropriate for mesoporous and micro-
porous materials. This technique provides critical insights into the
textural properties of porous materials and is widely used to characterize
metal-organic frameworks [17].

3.6. CO2 adsorption-desorption

Adsorption isotherms of pure CO; for the tested samples were ob-
tained using a SETARAM Gaspro GA apparatus maintained at isothermal
conditions (T = 20 °C £ 0.1 °C) across a pressure gradient of 0-10 bar.
Before experimentation, 0.1-0.12 g of sorbent was introduced into the
equilibrium cell, with precise mass determination conducted before and
after each measurement series to account for potential mass loss
following activation. The cell volume containing the activated sample
was calibrated using helium gas before degassing [29]. Two sequential
pVT measurements were then performed to quantify: (i) the initial CO,
gas phase concentration before interaction with the activated material,
and (ii) the CO gas phase concentration after achieving thermodynamic
equilibrium under specific conditions. The differential between these
measurements was adjusted for any thermal fluctuations, which provide
a precise quantity (mmol) of CO, adsorbed or desorbed by the material
[27]. All experimental procedures were conducted under strictly
controlled isothermal conditions within an isochoric system, with
sorption kinetics monitored via pressure variations (bar) as a function of
time (s) until equilibrium was established (p = constant). For adsorption
studies, sequential pressure increments were implemented by intro-
ducing precisely measured quantities of pure CO5 (AP = 0.5 bar) into
the equilibrium cell until the maximum absolute pressure reached
10 bar. Equally, the adsorption-desorption cycles were measured by
following the procedure explained elsewhere [30,31].

3.7. Adsorption modeling

3.7.1. Langmuir isotherm

The Langmuir model assumes that adsorption occurs on a homoge-
neous surface with a finite number of identical sites, and once a site is
occupied, no further adsorption occurs. It also assumes there is no
interaction between adsorbed molecules. Therefore, the adsorption
follows a dynamic equilibrium between adsorbed and desorbed mole-
cules [32].

__gqmax.KL.Pe

9 =1 IKLpe

qe = amount of gas adsorbed per unit mass of adsorbent (mmol/g).
Qmax = Maximum adsorption capacity (mmol/g).

K;, = Langmuir equilibrium constant (1/bar).

P, = equilibrium pressure of the adsorbate (bar).

3.7.2. Freundlich isotherm

The Freundlich model is an empirical equation that assumes
adsorption occurs on a heterogeneous surface with varying adsorption
sites and multilayer adsorption. The adsorption energy decreases loga-
rithmically as coverage increases [32].
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qe=KgPe’™,

ge = amount of gas adsorbed per unit mass of adsorbent (mmol/g).
Kg = Freundlich equilibrium constant (mmol/g) (bar~ /™,

P. = equilibrium pressure of the adsorbate (bar).

n = adsorption intensity constant (dimensionless).

3.7.3. Temkin isotherm
The Temkin model assumes that adsorption heat decreases linearly
with coverage due to adsorbate-adsorbate interactions [33].

ge = Br.In(A.Pe)

With

where:
A = Temkin isotherm equilibrium binding constant (L/g).
b = Temkin adsorption heat constant (J/mol).
R = universal gas constant (8.314 J/mol-K).
T = absolute temperature (K).
Pe = equilibrium pressure (bar).

3.7.4. CO2 adsorption thermodynamic analysis

The Gibbs free energy change (AG®) indicates spontaneity. A nega-
tive AG® value implies that the adsorption process is spontaneous under
the given conditions, whereas a positive value suggests non-spontaneity.
In this study, AG® was calculated at each temperature using the
following relation:

AG® = AH° —~TAS° = —R.T.Ln(Kg)
where R is the universal gas constant (8.314 J/mol-K), T is the tem-
perature in Kelvin, and K represents the adsorption equilibrium constant
derived from either the Langmuir or the Freundlich isotherm model,
depending on the best fit. It should be noted that prior to the thermo-
dynamic calculation, the Freundlich constant Ky was the parameter used
to compute AG® [34].

The enthalpy (AH°) and entropy (AS°) changes were determined
from the linear form of the van’t Hoff equation, which relates the tem-
perature dependence of the equilibrium constant:

AH® n AS°
RT R

In(Ke) = —

A linear plot of InK versus 1/T was used to extract AH® from the slope
and AS° from the intercept. This method allows for the simultaneous
determination of both parameters based on experimental equilibrium
data across multiple temperatures [35].

4. Results and discussion
4.1. Composite morphology and phase

The XRD patterns of the synthesized sorbents UZ, ZZ and ZUZ as well
as UiO—66 pristine are presented in Fig. 2. The presence of intense peaks
at 20 =7.20°, 8.38°, 11.94° and 16.90° corresponding to planes of
(111), (200), (220), and (311) respectively of the face-centered cubic
UiO—66 structure (space group Fm-3m) confirm the high crystallinity
and phase purity of the synthesized UiO—66 framework [36,37]. The
presence of these peaks in composite materials indicates the retention of
UiO—66’s crystalline structure upon integration with other MOFs.

As ZIF—8 and ZIF—67. The diffraction pattern of ZIF—8 shows
characteristic peaks at approximately 7.4°, 10.4°, 12.7°, 14.7°, 16.4°,
and 18.0° of 26 which correspond to the crystallographic planes (011),
(002), (112), (022), (013), and (222) respectively. Similarly, ZIF—67
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Fig. 2. XRD patterns of normalized UiO—66, ZZ, UZ, and ZUZ evidencing phase
resemblance and the preservation of the MOFs structural integrity after. (COD
ZIF—8: 4118891/COD UiO—66: 4512074/COD ZIF—67: 7247762).

shows diffraction peaks at nearly the same 26 values, associated to the
same set of planes: (011), (002), (112), (022), (013), and (222) which
planes in the cubic space group [-43m. Because both ZIFs share the same
sodalite (SOD) topology, their diffraction peaks appear in overlapping
positions [38].

The XRD pattern of the UZ composite containing ZIF—8 and UiO—66
shows reflections corresponding to both starting materials, confirming
the coexistence of both frameworks within the hybrid structure. The
well-defined peaks and absence of new diffraction signals suggest no
significant structural preference or formation of an amorphous phase,
confirming the successful synthesis of the UZ composite. In contrast, the
XRD pattern of ZZ (ZIF-8&ZIF—67 composite) exhibits peaks that are
characteristic of ZIF-8 and ZIF—67, while the absence of UiO—66-
related peaks, particularly (200) and (220) at 8.38°and 11.94° confirms
that this composite does not contain any UiO—66. The preserved soda-
lite topology of ZIF—8 and ZIF—67 is consistent with previous obser-
vations reported by Nazir et al. [39], who demonstrated that bimetallic
ZIFs maintain the crystalline structure of their single-metal counterparts
due to their analogous lattice parameters, atomic radii, and bond
lengths. This structural similarity facilitates the unrestricted solubility of
Zn within the Co-based ZIF, ensuring phase homogeneity and crystalline
integrity. The ZUZ composite, which integrates UiO—66, ZIF—8, and
ZIF—67, exhibits an XRD pattern that combines the reflections of both
UZ and ZZ. The coexistence of UiO—66’s characteristic peaks alongside
those of ZIF-8 and ZIF—67 confirms the successful synthesis of a
well-defined composite hybrid MOF structure. The absence of uniden-
tified peaks suggests that the material is free from crystalline impurities
or byproducts. These observations strongly support the hypothesis that
UiO—66, ZIF—8, and ZIF—67 serve as part of ZUZ [39]. This configu-
ration is particularly significant because it implies that the structural
framework of UiO—66 remains intact, while the surface modifications
with ZIFs contribute additional functional properties [39].

Fig. 3.a and b represent TGA curves and their derivatives of the
synthesized composites. The TGA and DTA curves of UiO—66 show an
initial slight weight loss in the temperature range of 30-120 °C, which is
primarily caused by the evaporation of physical water, moisture, and
adsorbed gases. Further weight loss of 18% and 34% was noticed in the
ranges of 100-350 °C and 350-600 °C, respectively. These losses are
linked to the degradation of the modulator (DMF), followed by
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Fig. 3. (a) Thermogravimetric analysis and (b) derivative thermogravimetric curves highlighting their thermal stability, decomposition behavior, and framework

integrity under elevated temperatures for UiO—66, ZZ, UZ and ZUZ.

degradation of the organic linkers 1,4-benzenedicarboxylate, leading to
the formation of zirconium oxide (ZrO5) [40]. The addition of ZIF—8
(UZ) improved UiO—66 stability, with linker degradation occurring at
491°C (27% loss), followed by a sharp drop of approximately 40% at
610°C, associated with ZIF—8 structural breakdown. On the other hand,
the UiO—66-free ZZ composite exhibits distinct thermal behavior, with
relatively stable weight between 60°C and 250°C, followed by two sig-
nificant weight-loss steps at approximately 300°C and 470°C, corre-
sponding to the decomposition of the ZIF-67 and ZIF—8 crystalline
structures, respectively. The composite structure likely promotes local-
ized degradation, resulting in distinct, separate weight losses consistent
with the known thermal profiles of pure ZIF—67 and ZIF—8. [41]. The
additional UiO—66 in the ZUZ composite exhibits three distinct thermal
decomposition regions, with a weight loss of approximately 13% at
150°C, corresponding to the presence of occluded methanol and water
molecules. Likewise, 18% established at 520°C correlates with the
structural decomposition of ZIF—67 and UiO—66, and ZIF—8 was
decomposed by 52% at 607°C [18]. Notably, ZUZ exhibits outstanding
thermal stability, attributed to surface ZIFs that confer enhanced ther-
mal resistance to the composite material [21].

The FTIR spectra of the synthesized MOF composites are presented in
Fig. 4.a and b. The FTIR spectrum of ZIF—8, presented in Fig. 4.a, ex-
hibits distinct absorption bands in the range of 3455-699 cm™!. The

peaks observed at 3144 cm ™! and 2934 cm™! correspond to the asym-
metric stretching vibrations of aromatic and aliphatic C-H groups,
respectively. Furthermore, the absorption bands between 1300 and
1460 cm™! are attributed to ring-stretching modes. The characteristic
peaks at 999 cm ! and 755 cm ! are assigned to C-N bending vibrations
and C-H bending modes, respectively [42].

In Fig. 4.b, the red curve representing the UiO—66 spectrum displays
broad absorption bands centered at 3419 cm ™!, suggesting the presence
of hydroxyl groups (-OH) on the external surface. Additionally, the
carboxylate functionality of the BDC ligand is characterized by two
distinct peaks: a symmetric O-C-O stretching at 1398 cm™! and an
asymmetric O-C-O stretching at 1586 cm™'. The minor absorption band
at 1504 cm™! corresponds to C=C stretching vibrations within the ar-
omatic ring of the BDC ligand. The characteristic signal at 1660 cm " is
assigned to C=O stretching vibrations in carboxylic acid moieties,
potentially indicating the presence of defects within the cluster [43].
The absorption bands at 660 cm ™! and 748 cm ™! are attributed to y 3-O
stretching which is associated with Zr-(OC) coordination [44]. The
composite materials UZ and ZUZ demonstrate spectral features charac-
teristic of both constituent components (ZIF—8 and UiO—66), with ZUZ
exhibiting enhanced intensity of 2-methylimidazole vibrational modes
due to additional ZIF—67 incorporation. By contrast, the ZZ composite
exhibits a notable absence of UiO—66 spectral features and closely aligns
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Fig. 4. Comparative FTIR spectra of the synthesized MOF composites: (a) ZUZ, ZZ, and ZIF—8, and (b) ZUZ, UZ, and UiO—66, highlighting characteristic functional

groups and framework interactions.
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with the absorption patterns of ZIF—8 and ZIF—67. These spectroscopic
findings offer definitive confirmation of the successful synthesis and
structural integrity of all composite materials [36], [45].

The TEM images presented in Fig. 5 provide detailed morphological
information about the synthesized MOFs, revealing structural distinc-
tions among ZZ, UZ, and ZUZ. The UiO—66 sample, shown in Fig. 5.a-b
(Ui0—66), displays an amorphous morphology composed of agglomer-
ated nanoparticles with a diameter of approximately 100 nm. In
contrast, the addition of ZIF—8 to form the UZ composite results in two
separate phases, with ZIF—8 forming large polyhedral crystals of about
500 nm, as visualized in Fig. 5. c¢-d. Furthermore, as shown in Fig. 5.e-f,
ZZ exhibits nanorod-like structures with widths ranging from 100 nm to
200 nm and lengths ranging from 200 nm to 800 nm. The absence of
distinct polyhedral shapes indicates uncontrolled nucleation and disor-
dered growth, resulting in a different composite. This suggests the cre-
ation of an anisotropic effect during the synthesis that caused the
nanorod-like morphology. By contrast, the ZUZ composites are a com-
bination of UiO—66, ZIF—8, and ZIF—67, and, as shown in Fig. 5.g-h,
consist of small amorphous particles (100 nm) and large polyhedral
crystallites (500 nm). Each structure is retained as seen in the UZ sam-
ple, but with an increased population of amorphous, rounded particles
and fewer polyhedral crystallites [46-48].

The EDS elemental maps illustrate the distribution of chemical ele-
ments within the synthesized composite structures shown in Fig. 6. a-c
confirms a uniform distribution of carbon (73.28%), oxygen (21.98%),
and zirconium (4.67%) throughout the UiO—66 structure, with negli-
gible presence of other elements (N 0.00%, Zn 0.05%, Co 0.03%). This
supports the conclusion that the sample is pure UiO—66, without sec-
ondary phases or surface modification. The EDS mapping associated
with UZ (Fig. 6. d-f) confirms that ZIF—8 is localized in polyhedral
particles dominated by both zinc (9.57%) and nitrogen (16.53%). In
comparison, zirconium (1.35%) and oxygen (3.92%) are predominantly
found in the amorphous structures. The EDS mapping in Fig. 6. g-i for
the ZZ sample reveals a uniform distribution of nitrogen across the
nanorods, with an overall atomic concentration of 21.00%. Notably,
zinc exhibits a concentration gradient, with higher levels observed at the
center of the nanorods, gradually decreasing towards the edges, result-
ing in an average concentration of 2.98%. In contrast, cobalt exhibits an
inverse distribution, with its concentration (2.51%) predominantly
localized at the nanorod edges.

The uneven distribution of Co and Zn indicates phase separation
occurred during ZIF—8 and ZIF—67 co-synthesis, Fig. 6. j-1 the distri-
bution of elements of ZUZ resembles to UZ; oxygen (15.89%) and zir-
conium (7.61%) are preferentially localized within amorphous regions,
whereas zinc (9.52%), cobalt (2.07%), and nitrogen (6.29%) exhibit
distribution across both amorphous and polyhedral domains, with zinc
showing enhanced concentration in polyhedral crystallites. This sug-
gests that ZIF—8 and UiO—66 are phase-separated, despite being syn-
thesized in situ, whereas ZIF—67 appears to be widely distributed across
phases. This elemental analysis indicates that the composite is a mixture
of ZIF—8 and UiO—66, with widespread ZIF—67 distribution, supporting
the integration of all three MOFs within the ZUZ structure.

4.2. Surface area and pore size distribution

The textural properties of the synthesized MOFs and MOF composites
were investigated by Ny adsorption-desorption measurements at 77 K,
and the corresponding isotherms and BJH pore-size distribution curves
are shown in Fig. 7.a and b. All materials display a sharp N; uptake at
low relative pressure, indicating the presence of accessible micropo-
rosity. This feature is characteristic of MOF structures with narrow pore
domains and confirms that the microporous frameworks are largely
retained after composite formation. In addition, the gradual uptake
observed at higher relative pressures, particularly for the composite
samples, suggests the presence of secondary porosity arising from
interparticle voids, framework aggregation, or hierarchical pore
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formation [49] UiO—66 exhibits a BET surface area of 582.84 mz.g’l, a
total pore volume of 0.29 cm®.g~!, and an average pore diameter of
3.39 nm, consistent with its cage-like porous architecture composed of
octahedral and tetrahedral cavities. This behavior agrees with previous
reports showing that UiO—66 maintains a stable microporous frame-
work due to its robust Zr-O coordination bonds [50], Pristine ZIF—-8 and
ZIF-67 show BET surface areas of 1052.23 and 1186.6 m%g~?,
respectively, confirming the high intrinsic microporosity of the parent
ZIF frameworks under identical activation and measurement conditions.

After combining ZIF—-8 and ZIF—67, the ZZ composite exhibits a
substantially reduced BET surface area of 588.97 m2.g~'compared with
the pristine ZIF phases. However, its total pore volume increases to
0.37 cm®.g7}, and its average pore diameter reaches 14.33 nm. This
apparent difference indicates that ZZ formation reduces the accessible
microporous surface area while generating larger interparticle voids or
mesoporous domains. This interpretation is supported by the BJH dis-
tribution in Fig. 7.b, where ZZ shows a broader contribution across the
mesopore region, especially at larger pore diameters. Such behavior is
consistent with partial intergrowth and aggregation of ZIF—8/ZIF—67
crystallites, leading to the disordered nanorod-like morphology
observed by TEM [51]. The UZ composite shows the highest BET surface
area of 1672.52 m%g~!, along with the largest total pore volume of
0.63 cm®.g~! and an average pore diameter of 10.78 nm. This consid-
erable increase demonstrates that the incorporation of ZIF—8 onto
UiO—66 significantly enhances the accessible porous surface while
preserving an open composite architecture. The Ny isotherm of UZ
shows the highest overall adsorbed volume among the investigated
samples, confirming the strong contribution of accessible ZIF—8 derived
porosity. In the BJH plot, however, UZ displays a relatively limited
mesopore contribution compared with ZZ suggesting that maybe its high
surface area mainly originates from accessible micropore domains
rather than broad mesoporosity. This interpretation is consistent with
the polyhedral morphology observed by TEM, where ZIF—8 particles
coexist with UiO—66 domains without severe morphological disruption
[52]. The ternary ZUZ composite exhibits a BET surface area of
1169.79 m%g 'and a total pore volume of 0.53 cm®.g~! both higher
than those of UiO—66 and ZZ but lower than those of UZ. This indicates
that the incorporation of ZIF—67 into the UiO—66/ZIF—8 system mod-
ifies the pore architecture rather than simply increasing the surface area.
The decrease in BET surface area compared with UZ is maybe resulted
from partial limit of micropore accessibility caused by the heteroge-
neous distribution of the ZIF—67. However, the BJH pore-size distri-
bution shows that ZUZ maintains a moderate pore contribution across
the analyzed pore range, indicating preservation of a more inter-
connected hierarchical pore network. Overall, the combined analysis of
Fig. 7.a and b demonstrates that the sequential formation of binary and
ternary MOF composites strongly modifies the accessible porosity of the
parent frameworks. The results show that BET surface area alone does
not fully describe the textural properties of these materials. Instead, pore
volume, pore-size distribution, interparticle voids, and pore connectiv-
ity must also be considered when evaluating the porous architecture.
The implications of these textural characteristics for CO, adsorption
behavior are discussed separately in Section 4.3.

4.3. CO3 uptake and cycling

Fig. 8.a shows the CO; adsorption isotherms of UiO—66, ZZ, UZ, and
ZUZ measured at 303 K over the pressure range of 0-10 bar under pure
dry CO4. At 10 bar and 303 K, the adsorption capacities follow the order
ZUZ (7.0 mmol.g™!) > UZ (5.0 mmol.g™) > Ui0O—66 (3.2 mmol.g™})
> 77 (2.4 mmol.g’l). This trend demonstrates that CO5 adsorption is
not governed by BET surface area alone, since UZ exhibits the highest
BET surface area and pore volume, whereas ZUZ shows the highest
experimental CO; uptake.

The superior adsorption performance of ZUZ can be better explained
by considering the combined effects of pore-size distribution, pore
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Fig. 5. TEM images of the synthesized MOF composites at medium and low magnifications: (a-b) UiO—66, (c-d) UZ, (e-f) ZZ, and (g-h) ZUZ.



Z. Ougrour et al.

200 nm

500 nm

Journal of CO2 Utilization 110 (2026) 103516

n 200 nm

500 nm

Fig. 6. EDS elemental maps of the synthesized MOF composites (a-c) UiO—66, (d-f) UZ, (g-i) ZZ, and (j-1) ZUZ.

accessibility, pore connectivity, and framework chemistry. As shown by
the N3 adsorption isotherms and BJH pore-size distribution analysis in
Fig. 7.a and b, UZ possesses the highest surface area and total pore
volume, but its pore size distribution indicates a relatively limited
contribution from larger pore domains. In contrast, ZUZ maintains a
significant pore volume together with a broader and more pore-size
distribution, suggesting the presence of interconnected micro and mes-
oporous domains. Such hierarchical pore architecture is beneficial for
CO4, adsorption because small pores help pore-filling interactions, while
mesoporous domains and interparticle voids facilitate molecular diffu-
sion and transport at higher pressure [53,54].

These results show greater performance compared to pristine ZIF—8,
ZIF—67, and other composite materials. Lamnini et al. [20] reported
CO, adsorption capacities of only 1.2 mmol/g for ZIF-8 and
0.6 mmol/g for ZIF-67 at 10 bar and 303 K, while Nune et al. [55]
reported 7.9 mmol/g with nZIF—8 at 30 bar and 298 K through syn-
thesis modifications that enhanced structural integrity and porosity.
This highlights the critical influence of synthesis pathways on surface
area and pore accessibility. Gebremariam et al. [56] investigated a

HKUST—1/ZIF—8 core-shell composite where HKUST—1 alone exhibi-
ted 4.1 mmol/g at 1 bar and 298 K, the composite showed reduced
uptake (2.9 mmol/g). Interestingly, ZUZ demonstrates synergistic ef-
fects that exceed the individual capacities of the MOFs. Additionally,
improved COy/N; selectivity in the composite suggests that ZUZ selec-
tivity may exceed that of UiO—66. To better understand the adsorption
mechanism experimental isotherm data were analyzed using the Lang-
muir, Freundlich, and Temkin models (Table 1). The correlation co-
efficients (R?) for UiO—66 and UZ, the Langmuir model provides an
excellent description of the experimental data with R? values compa-
rable to those obtained from the Freundlich model indicating that CO»
adsorption on these materials is predominantly governed by monolayer
adsorption. In contrast, for ZZ and ZUZ, the Freundlich model shows a
slightly better fitting quality than the Langmuir model, with R% > 99%
revealing that adsorption on these materials occurs on heterogeneous
surfaces with a possible multilayer formation. The fact that both Lang-
muir and Freundlich fits are close for all samples suggests that the sur-
faces exhibit mixed behavior, combining both uniform adsorption sites
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uptake behavior.

and heterogeneous energetic domains, which is due to the composite
MOF [40,57,58]. The Langmuir maximum adsorption capacity g, fol-
lows the order UZ (19.64 mmol/g) > ZUZ (13.41 mmol/g) > UiO—66
(4.26 mmol/g) > ZZ (3.63 mmol/g), confirming that the incorporation
of ZIF phases into UiO—66 significantly enhances CO5 uptake capacity.
The Temkin heat constant by, which reflects the strength of COy
framework interactions, follows the order ZUZ (2.02 J/mol) > UZ
(1.52 J/mol) > Ui0O—66 (0.88 J/mol) > ZZ (0.58 J/mol), indicating
that the strongest energetic interactions occur in the ternary composite
ZUZ due to the coexistence of multiple metal centers (Zr, Zn, Co). The
Freundlich constant, K sub cap F, related to adsorption capacity on
heterogeneous surfaces, reaches its highest values for ZUZ (1.49),

UiO—66 (1.38), ZZ (0.88), and UZ (0.85), confirming the adsorption
ability of ZUZ. Moreover, the heterogeneity index n remains below unity
for all materials UZ (0.96), ZUZ (0.69), ZZ (0.52), UiO—66 (0.46),
implying favorable adsorption on energetically heterogeneous surfaces
without cooperative effects [34,59] ().

The temperature-dependent adsorption data for the ZUZ composite
(Fig. 8b), combined with the thermodynamic parameters in Table 2,
provide essential insights into the nature of the adsorbent-adsorbate
interactions during CO4 adsorption on ZUZ.

Based on these results, the thermodynamic behavior of ZUZ is
spontaneous, with AG® = 1622.64,—992.71, and —534.47 J/mol at 273,
303, and 313K, respectively. At the same time, the process is

Table 1
Comparison of adsorption isotherm parameters and fitting results.
Langmuir Freundlich Temkin
Am Ky R? 1/n Kg R? B Kr be R?
(mmol/g) (bar™!) (%) - (mmol/g-bar~ /) (%) (mmol/g) (bar™) (J/mol) (%)
ZUZ 13.41 0.11 99.82 0.69 1.49 99.97 1247.11 2.08 2.02 93.4
77 3.63 0.24 98.48 0.51 0.88 99.84 4343.34 6.35 0.58 94.7
Uz 19.64 0.4 99.92 0.96 0.85 99.8 1652.98 2.41 1.52 98.4
Ui0—66 4.26 0.39 99.47 0.46 1.38 99.01 2862.66 4.71 0.88 99
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Table 2
Thermodynamic properties for CO, adsorption on MOFs.

AH° (J/mol) AS° (J/mol. K) AG° (J/mol)

—1035.9 -3.07 273 K

-1622.64

303K
—-992.71

313K
—534.47

exothermic, AH° —1035.9 J/mol. It becomes more ordered during
adsorption, as shown by the negative entropy change AS° = —3.07 J/
mol.K. When compared to other materials, ZUZ behaves differently. For
NaA zeolite, Jabli et al. [60] reported a exothermic adsorption process
with AH° = —18.38 kJ/mol and a negative entropy change (AS° =
—55 J/mol.K) indicating strong CO, zeolite interactions and a signifi-
cant ordering of CO5 molecules within the microporous structure. The
corresponding AG® values range from —4.47 to —1.14 kJ/mol between
253 and 313 K, confirming a spontaneous, weaker adsorption at higher
temperatures for functionalized granular activated carbon at 6 bar, as
reported by Mashhadimoslem et al. [61] reported AH° values of
—17.97 kJ/mol for CO,, with AG®° remaining strongly negative (—7.67
to —6.64 kJ/mol between 298 and 328 K, reflecting spontaneous phys-
isorption. For polymeric ionic adsorbents, Shahrom et al. [34] reported
an even higher enthalpy change for vinylbenzyltrimethylammonium
arginine (poly[VBTMA][Arg]) AH° = —30.3 kJ/mol with a substantial
entropy decrease AS° = —91.14 J/mol.K highlighting a much stronger
and more ordered adsorption mechanism approaching the limit of
strong physisorption and corresponding Gibbs free energy changes from
—3.16 kJ/mol at 298 K to a value of + 0.27 kJ/mol at 333 K. while, in
the temperature swing adsorption study on NiO-supported activated
carbon, Lahuri et al. [62] reported values of AH° = + 6.61 kJ/mol and
AG° between —11.56 and —12.75 kJ/mol (303-323 K), suggesting
endothermic adsorption governed by surface redox-assisted in-
teractions. Overall, these comparisons show that ZUZ fully behaves as
physisorption and is thermodynamically stable, making it a suitable
material for low-temperature CO5 capture.

Building on the results from the adsorption isotherms and thermo-
dynamic analyses, which suggested a multilayer adsorption behavior
and physisorption mechanism. The cycling performance of the ZUZ
composite further confirms its structural reliability and stability under
repeated use. As shown in Fig. 9, the ZUZ composite maintained a high
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and nearly constant CO, uptake (0.96-0.94 mmol/g) over five consec-
utive adsorption-desorption cycles, with only minimal loss in capacity
observed. This strong maintenance indicates that the adsorption sites
remain broadly accessible and that the material is resistant to pore
blockage or framework collapse upon regeneration. The regeneration
step, conducted thermally at approximately 120 °C, effectively restored
the adsorption capacity in each cycle, pointing to reversible interactions
between COy and the composite surface. Yet, the observed gradual
decrease in CO5 uptake across adsorption-desorption cycles is likely
attributed to structural or chemical degradation of the adsorbent, pore
blockage, or partial loss of active sites. This issue has been reported in
thermal cycling in MOFs designed for practical CO2 capture, where
structural flexibility and weak bonding environments enable high reuse,
but with a possible degradation [63-66]. Therefore, the ZUZ composite
demonstrates strong potential for integration into cyclic adsorption
systems, offering both high capacity and durability under high regen-
eration conditions. To further confirm the structural stability of ZUZ
under repeated adsorption-desorption conditions, XRD patterns were
recorded before and after five COy cycling experiments (Fig. 10). All
characteristic low-angle diffraction peaks of ZIF—8, ZIF—67, and
UiO—66 are retained after cycling, confirming that the bulk crystalline
framework remains intact with no evidence of structural collapse or pore
destruction. However, a minor peak at approximately 40° 26, which may
be associated with local short-range ordering of the ZIF—67 surface
phase within the composite, disappears after five cycles. Since low-angle
peaks reflect long-range structural order while higher-angle reflections
are more sensitive to local short-range disorder in ZIF materials [67],
this observation may suggest a minor surface-level reorganization of the
loosely distributed ZIF—67 phase upon repeated thermal regeneration,
which may account for the slight decrease in COy uptake capacity
observed across cycles (0.96-0.94 mmol/g, 2%), without compromising
the overall framework integrity of ZUZ.

The overall findings indicate that composite structuring plays a
dominant role in governing CO, adsorption efficiency. Although the BET
surface area is an essential factor, it must be considered alongside pore
connectivity, adsorption site distribution, and framework stability. The
ZUZ composite effectively combines microporous and mesoporous
adsorption mechanisms, optimizing both surface-area-driven multilayer
adsorption (as supported by the Freundlich) and energetically favorable
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Fig. 9. CO, adsorption-desorption cycling performance of the ZUZ MOF composite over five consecutive cycles.
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Fig. 10. XRD pattens of ZUZ material after five CO, adsorption-desorption
cycling performance.

COs binding (as validated by the Temkin model). The enhancement in
adsorption behavior aligns with previous studies on hybrid MOFs, such
as UiO—66&ZIF—8 composites, which have demonstrated similar im-
provements in COy uptake due to the synergistic effects of different
framework structures. Unlike single-phase MOFs, which often suffer
from diffusion barriers and limited access to adsorption sites, ZUZ in-
fluences the high surface area using ZIF—8 and ZIF—67 while retaining
the structural stability by the presence of UiO—66, making it highly
suitable for practical COy capture. The high-pressure adsorption data
obtained in this study (up to 10 bar) are particularly relevant for pre-
combustion carbon capture and natural gas sweetening scenarios,
where elevated operating pressures are essential to the process. These
applications represent industrially significant ways where high-capacity
MOF-based adsorbents such as ZUZ could provide practical benefits over
conventional materials. It should be noted, however, that the effect of
water vapor on CO adsorption capacity was not evaluated in this study.
Given the hydrophilic nature of UiO—66, competitive water adsorption
under humid conditions may reduce CO, uptake in real flue gas streams
that contain moisture. This limitation should be addressed in future
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work, including comparative experiments under dry and humid condi-
tions to fully assess the practical performance of ZUZ composites. A
comparison of the COy adsorption performance of various reported
composites based on ZIF—8, ZIF—67, or UiO—66 was included in
Table 3. By comparing other hybrid composites, ZUZ exhibits the
highest CO5 uptake (7.0 mmol/g at 10 bar), despite having a lower
surface area than UZ and the composite reported in the literature. This
finding supports the idea that ZUZ's superior adsorption capacity is not
only dependent on surface area but also on a more favorable pore
environment, structural architecture, or stronger host-guest in-
teractions, as suggested by isotherms [68].

5. Conclusion

This study clearly demonstrates that mixing UiO—66, ZIF—8, and
ZIF—67 plays a key role in changing the textural properties and CO5
adsorption performance of the composites. The ZZ composite exhibits
the lowest BET surface area (588.97 mz.g’l) which may be related to
morphological changes and alterations in the pore structure during
composite formation, which directly limits its CO, uptake despite the
stability and porosity of the individual ZIF phases. Therefore, ZZ shows
the weakest adsorption performance among the materials. However, the
UZ composite presents a high surface area (1672.52mZ2g™!) and
improved structural stability. However, its CO5 adsorption capacity re-
mains moderate, attributed to weaker adsorbate-surface interactions
and partial pore blockage, which reduce efficient CO, diffusion. The
ZUZ composite exhibits the best CO, capture performance, combining a
high surface area (1169.79 m?.g~1) with high adsorption capacities of
7.0 mmol/g >UZ (5.0 mmol/g)> Ui0O—66 (3.2 mmol/g) > ZZ
(2.4 mmol/g) at 10 bar and 313 K. This performance is due to the syn-
ergistic contribution of the three frameworks, where ZIF—8 enhances
microporosity UiO—66 ensures structural stability and ZIF—67 improves
morphology. Isotherm analysis further clarifies that UiO—66 and UZ are
described effectively by both Langmuir and Freundlich models, whereas
77 and ZUZ fit the Freundlich model more strongly (R2 > 0.99). The
Langmuir maximum capacity qn, follows UZ > ZUZ > UiO—66 > ZZ,
while the Temkin constant b; shows the strongest adsorbate framework
interactions in ZUZ due to the coexistence of multiple metal centers.
while thermodynamic evaluation reveals a spontaneous, exothermic
physisorption process dominated by weak, favorable interactions.
Among all prepared materials, ZUZ emerges as the most efficient and
balanced CO2 adsorbent, integrating high porosity, optimized chemical
functionality, and highlighting the strong potential of designed hybrid

Table 3
Comparative table of BET surface area, total pore volume, and average pore size and CO, uptake for UiO—66, ZZ, UZ, and ZUZ with other composites.
Samples BET surface area (m%g ') Vior (cm®.g™1) CO, uptake (mmol/g) T (K) Ref
1 bar 10 bar
Ui0—-66 582.84 0.29 1.20 3.2 303 This work
77 588.97 0.37 0.93 2.3 303 This work
UZ 1672.52 0.63 0.81 5.1 303 This work
ZUZ 1169.79 0.53 1.52 7.0 303 This work
ZIF-8@Zn-MOF—-74 633.2 0.404 0.75 - 308 [69]
ZIF-8@ZIF-67 1490 0.93 0.98 298 [23]
CFAZ/ZIF-8 426 0.28 2.83% 298 [70]
PAA@UiO—-66 445 0.41 0.74° 298 [71]
ZIF-8/GO 689 - 1.19 298 [72]
ZIF—8 PEI - 0.91 303 [72]
ZIF—-8 1318 - 0.75 - 303 [72]
ZIF-67@ZIF—8 PLs 1693.1 0.598 0.40 1.37 298 [73]
HKUST-1@ZIF-8 806.3 0.46 2.9 298 [74]
Mg-MOF—-74@ZIF—8-1 1423.4 - 6.62 298 [75]
Mg-M 1436.9 5.09 298 [75]
OF-74@ZIF-8-2
Mg-MOF—-74@ZIF—8-3 1473.8 4.46 298 [75]

& pressure is 0.1 bar.
b pressure is 4 bar.
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