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HIGHLIGHTS GRAPHICAL ABSTRACT
« A rapid two-step microwave-assisted Oil/water separation

synthesis enables a hierarchical MOF- )

based composite on carbon fibers.
» The designed architecture combines

nanoscale crystalline domains with in-

terconnected porous pathways.
« The hierarchical surface structure

induces superhydrophobic and

superoleophilic wettability.
« The composite exhibits high sorption ca-

pacity and reusability for oil and organic

contaminant removal from water.

Carbon fiber (CF) CoOH/CF ZIF-67(Co)/CoOH/CF

ARTICLE INFO ABSTRACT
Keywords: 0Oil pollution and industrial organic contaminants pose risks to aquatic ecosystems and human health, creating
Metal-organic frameworks a need for sorbent materials that combine high efficiency, selectivity, and durability. Herein, we report a hi-
ZIF'67 ) ) erarchical metal-organic framework-based composite sorbent prepared via a rapid two-step microwave-assisted
Microwave-assisted synthesis strategy. In the first step, cobalt hydroxide nanosheet arrays were uniformly grown on fluorine-modified carbon

Hydrophobic sorbents
Oil/water separation
Environmental remediation

fibers using a pulsed microwave-assisted approach, enabling ultrafast nanostructure formation. In the second
step, zeolitic imidazolate framework-67 nanocrystals were deposited onto the nanosheets, yielding a hierar-
chical architecture with nanoscale crystallites and microporosity. The composite exhibited a transition from
hydrophobic/oleophilic to superhydrophobic/superoleophilic behavior, enabling efficient and selective oil/water
separation. Sorption tests revealed high uptake capacities (84-321 wt.%) across a broad range of organic liquids,
surpassing many previously reported metal-organic framework-based sorbents. The composite also enabled the
treatment of surfactant-stabilized oil-in-water emulsions, achieving ~76% diesel removal within 30 minutes.
Moreover, the material demonstrated excellent reusability and stability under repeated cycling and harsh experi-
mental conditions, retaining both structural integrity and sorption performance. The developed synthesis strategy
enables rapid fabrication of highly efficient sorbents for environmental remediation and provides experimental
insights broadly relevant for the design of other metal-organic framework-derived composites with hierarchical
structures.
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1. Introduction

Despite advancements in the safety of crude oil extraction and trans-
portation, oil spills and associated chemical leakage accidents continue
to pose significant threats to marine and coastal ecosystems [1-3]. These
environmental disasters, exacerbated by rapid industrial development
and expanding offshore petroleum activities, have caused severe ecolog-
ical damage, economic losses, and a growing global focus on effective
cleanup strategies [4,5]. Current conventional techniques for oil/water
separation primarily rely on physical treatment methods [6] alongside
chemical and biological remediation approaches [7,8]. Although ef-
fective to some extent, conventional techniques are often hindered by
challenges like high energy consumption, limited selectivity, and in-
efficiency in managing complex oil/water mixtures, underscoring the
demand for complementary or performance-enhancing technologies. In
this context, material-based approaches [9], particularly the separa-
tion of oil using porous materials, are emerging as a promising and
innovative research direction [10].

Over the past years, various advanced porous materials have been
developed for efficient oil/water separation, including carbon-based ma-
terials [11,12], bio-based materials [13], 3D-structured porous materials
[14,15], polymeric materials [16,17], as well as diverse nanomaterials
and their composites [18,19]. Despite the rapid development of diverse
porous sorbents, achieving a balanced combination of high separation
efficiency, selective wettability, and long-term mechanical robustness
remains a major challenge in the field [10,20,21]. In practice, porous
materials for oil/water separation often face a fundamental engineer-
ing conflict, where optimization of one performance metric is achieved
at the expense of others. Specifically, increasing a material’s porosity
to enhance adsorption efficiency typically compromises its mechani-
cal strength and structural durability [22,23]. Furthermore, achieving
high selectivity through nanometer-level pore control or dense surface
functionalization may lead to reduced permeability or limited overall
adsorption capacity [24]. These intrinsic trade-offs highlight that fur-
ther improvements in oil/water separation performance require rational
structural design of sorbent materials rather than incremental material
substitution.

Amid ongoing progress in sorption material development, metal-
organic frameworks (MOFs), a class of crystalline porous materials, have
garnered significant scientific attention, emerging as a rapidly grow-
ing research field with a broadening range of proposed applications
[25-27]. The growing interest in MOFs is primarily driven by their
remarkable properties, including exceptionally high surface areas and
porosity, structural tunability, and precisely controllable physical and
chemical characteristics [28,29]. From the perspective of oil/water sep-
aration, the high surface area and porosity of MOFs greatly enhance
sorption performance by providing numerous accessible sites for ef-
fective molecular interactions and diffusion [30]. Moreover, structural
tunability enables the design of MOF-derived sorbents with dual func-
tionalities, such as hydrophobicity to repel water and oleophilicity to
selectively capture oil, or vice versa [9,30,31]. These unique attributes
are critical for effective oil removal, establishing MOFs as a promis-
ing platform for creating materials specifically tailored for oil/water
separation [30,32,33].

Zeolitic imidazolate frameworks (ZIFs), a subclass of MOFs, are
porous crystalline materials characterized by zeolite-like structures
formed from tetrahedral metal ions and imidazolate ligands [34]. ZIFs
offer permanent porosity and high thermal and chemical stability [35],
which make them particularly attractive for oil/water separation appli-
cations [36]. In the structure of ZIFs, metal ions mimic the role of silicon,
while imidazolate anions form bridges analogous to oxygen’s role in ze-
olites [34]. As a result of their unique structural features, ZIFs can adopt
numerous three-dimensional topological structures [37], and it is antic-
ipated that ongoing research will uncover new topologies with superior
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functionalities in the foreseeable future [38]. Among different well-
studied ZIFs, ZIF-8 and ZIF-67 with metal centers composed of Zn’>* and
Co?* ions, respectively, have piqued vast attention as prospective oil sor-
bents [36,39]. However, the direct use of ZIFs in powder form is limited
by issues such as poor recoverability, reduced recyclability, and insuffi-
cient sorption capacity [30]. To address these challenges, recent studies
have focused on incorporating ZIFs onto high-surface-area substrates,
such as metal meshes [40,41], melamine sponges and foams [42-45],
polymer matrices [46], and nanofibers [47-49], to create composite
materials with superior oil-removal efficiency.

Regardless of the substrate used, most published studies focus on
the direct in situ growth of ZIFs by immersing a substrate in a solution
containing metal ions and an organic linker [44,48,50]. The synthesis
is typically carried out at room temperature [44,48] or under elevated
temperatures using hydrothermal or solvothermal methods in autoclaves
[43]. Despite being a simple and effective approach, the direct in situ
growth method has certain drawbacks, including uneven substrate coat-
ing [44], particle agglomeration [46], weak adhesion [51], slow growth
kinetics [52], and limited control over the morphology and thickness of
the ZIF layer [53]. As a result, although substrate-supported ZIF-based
composites significantly improve material handling and recyclability,
many reported systems still face challenges related to mechanical abra-
sion, surface fouling, or structural degradation during repeated use.
In particular, the simultaneous optimization of hierarchical porosity,
surface roughness, and mechanical stability remains difficult, often
resulting in materials that excel in either sorption performance or
durability, but rarely in both [54].

To address these limitations, indirect synthesis of ZIFs using metal
oxide- and hydroxide-based nanostructures as self-sacrificing templates
has emerged as a promising alternative [55]. This method enables better
structural control and facilitates the formation of hierarchically struc-
tured materials with abundant exposed active sites and a high specific
surface area [56], enhancing their potential for oil/water separation.
From a materials design perspective, hierarchically structured ZIF-based
composites offer a promising pathway to alleviate the intrinsic trade-offs
commonly encountered in conventional porous sorbents. By integrating
multiple length scales of porosity within a single architecture, such mate-
rials can combine molecular-level selectivity associated with micropores
with enhanced mass transport enabled by larger meso- or macropores. In
addition, the hierarchical organization of ZIF nanocrystals on mechan-
ically robust scaffolds may improve adsorption kinetics, reduce surface
clogging during sorption, and enhance the mechanical durability of the
composite system [57]. Despite these advantages, the rational design
and controlled synthesis of hierarchically structured ZIF-based sorbents
for oil/water separation remain relatively underexplored.

To date, hierarchically structured ZIF-based sorbents have received
limited attention in oil/water separation studies. Additionally, studies
on ZIF-67-based composites for oil/water separation remain scarce com-
pared to the extensively investigated ZIF-8 [36]. More importantly, the
rational integration of hierarchical architecture with mechanical ro-
bustness and controlled surface wettability in ZIF-67-based composite
sorbents remains insufficiently addressed, despite its critical impor-
tance for balancing sorption efficiency, selectivity, and durability in
practical oil/water separation systems. Hence, in this study, we demon-
strate the synthesis of ZIF-67 from cobalt hydroxide nanosheet arrays
as a self-sacrificing template, enabling the formation of a hierarchi-
cally structured porous network. To optimize the synthesis process, we
employ a microwave-assisted approach, which offers rapid crystalliza-
tion, improved morphology control, and energy efficiency compared to
conventional solvothermal methods [58,59]. The resulting ZIF-67-based
composite is systematically evaluated in terms of structural properties,
wettability, and oil/water separation efficiency, providing new insights
into the potential of hierarchically structured ZIF-based composites for
environmental remediation applications.
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Microwave-assisted synthesis

200°C
150w | Step I - cF-coOH/CF

10 min

Step II - CoOH/CF~ZIF-67(Co)/CoOH/CF
- partial dissolution of Co(OH)z;

- release of Co cations into the solution;

- of Co cations with ligands;

- nucleation and growth of ZIF-67(Co) on self-sacrificial template

Fig. 1. Schematic representation of the two-step microwave-assisted synthesis
route for the ZIF-67 (Co)/CoOH/CF composite sorbent, illustrating the forma-
tion of CoOH nanosheet arrays on carbon fibers followed by the growth of ZIF-67
nanocrystals.

2. Materials and methods
2.1. Materials

All chemical reagents used in the experimental work were acquired
from Sigma-Aldrich (USA) and Thermo Fisher Scientific (USA). All
chemicals were of high purity (analytical or reagent grade), conforming
to standards appropriate for synthetic and analytical laboratory pro-
cedures. Distilled deionized water was obtained from LUT University’s
in-house purification system and used in all synthesis and washing steps.
Toray carbon fiber paper (TGP-H-060), treated with polytetrafluoroethy-
lene (PTFE), was purchased from Fuel Cell Store (USA).

2.2. Sorbent fabrication

The sorbent synthesis procedure is outlined in Fig. 1. In this study,
carbon fibers (CF) were selected as the substrate for active layer depo-
sition due to their comparatively high mechanical strength, chemical
stability, and high surface area. Prior to deposition, the CF substrates
underwent a thorough cleaning sequence involving 10 min of ultrasonic
treatment in acetone, 2 M HCl, and absolute ethanol, respectively. After
the removal of surface pollutants, the CF substrates were rinsed with
deionized water and subsequently dried at room temperature to prepare
them for the deposition process.

The first deposition step involved coating the CF substrates with
cobalt hydroxide (Co(OH),) nanosheet arrays (hereafter denoted as
CoOH), which served as self-sacrificing templates for the subsequent
synthesis of ZIF-67(Co). The precursor solution for the CoOH layer depo-
sition consisted of 0.1 M Co(NOs), - 6 H,0 and 0.05 M urea in methanol.
The CF substrates were immersed in the reaction solution and subjected
to microwave irradiation at a maximum power of 150 W for 10 min
using a microwave reactor (Discover 2.0, CEM Corporation). The reac-
tor was operated with a set temperature of 200 °C, although the actual
reaction temperature was lower than the nominal setting. Following
the microwave-assisted synthesis, the resulting CoOH/CF samples were
rinsed with absolute ethanol and deionized water, and then dried at
70 °C overnight to remove residual solvents.

The second and final synthesis step involved the in situ growth
of ZIF-67(Co) on top of CoOH/CF. To achieve this, the as-prepared
CoOH/CF samples were transferred to a solution containing 25 ml of
H,0, 2.5 ml of triethylamine (TEA), and 1.5 M 2-methylimidazole.
The solution was exposed to microwave radiation at 150 W maximum
power and heated at 70 °C for 2 h. After microwave-assisted synthesis,
the ZIF-67 (Co)/CoOH/CF samples were rinsed in absolute ethanol and
deionized water and dried at 70 °C overnight to remove the absorbed
solvents.
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2.3. Material characterization

In this work, all samples were characterized using the following
methods. A JEOL JSM-7900F field-emission scanning electron micro-
scope (FE-SEM) was used for high-resolution surface imaging and anal-
ysis of surface morphology. SEM images were captured at 1 kV and 20
PA probe current using both an in-chamber secondary electron detec-
tor and a backscattered electron detector. A Hitachi S-3400N SEM with
energy-dispersive X-ray (EDX) spectroscopy was employed to analyze
the elemental composition and distribution of the investigated materi-
als. EDX analysis was performed at an accelerating voltage of 20 kV.
Transmission electron microscopy (TEM) analysis was carried out using
a Hitachi High-Tech HT7700 TEM equipped with a tungsten filament,
operated at an accelerating voltage of 100 kV. X-ray diffraction (XRD)
analysis was carried out using a Bruker D8 Advance diffractometer with
Cu Ko radiation (1 = 1.5406 A) generated from a sealed copper tube
source. Fourier-Transform Infrared Spectroscopy (FT-IR) analysis was
conducted on a PerkinElmer Inc. spectrometer equipped with the uni-
versal diamond crystal ATR module over the range of 4000-400 cm 1.
Thermogravimetric analysis (TGA) was performed on a NETZSCH STA
449C instrument by heating approximately 5.0 + 0.1 mg of sample
from 25 to 1000 °C at 10°/min under a nitrogen flow of 40 mL/min.
Micromeritics 3Flex 3500 was utilized to determine Kr and N, adsorp-
tion isotherms at —196°C. Specific surface area was calculated from the
adsorption isotherms using the Brunauer-Emmett-Teller (BET) equation.
Pore size distribution was estimated with density functional theory
(DFT) using MicroActive v7.00 software. The pores were assumed to
be cylindrical and a DFT kernel for pillared clays was used. The surface
chemistry and elemental binding states of the samples were analyzed
using X-ray photoelectron spectroscopy (XPS, Nexsa, Thermo Scientific,
USA). A monochromatic Al Ka X-ray source (hv = 1486.6 eV) was
used for excitation and a dual-mode flood gun with electrons and argon
ions was utilized for charge compensation. Data acquisition and analysis
were performed using Thermo Avantage v6.10 software.

2.4. Sorbent performance evaluation

The water contact angle (WCA) and oil contact angle (OCA) measure-
ments were performed using a KSV contact angle measurement system
equipped with a DMK 21AF04 monochrome camera for image capture.
Prior to testing, the samples were dried at 60 °C overnight to remove
any residual moisture. The sessile drop method was employed to deter-
mine the contact angles. For WCA measurements, a 10 pL droplet of
deionized water was placed on the sample surface, and the contact an-
gle was recorded within 10 s of droplet deposition using the system’s
software. Similarly, for OCA measurements, a 10 uL droplet of edible
oil was applied, and the contact angle was determined using the same
procedure.

The oil/water separation performance of the sorbents, including bare
CF, CoOH/CF, and ZIF-67(Co)/CoOH/CF, was evaluated using a range of
organic solvents and oils. These included diesel (Shell), gasoline (Neste),
edible oil, toluene, hexane, heptane, hydrocarbon oil, ethylene glycol,
ethyl acetate, and acetone. Before the sorption experiments, all sorbents
were dried at 60 °C under vacuum for 12 h to remove residual mois-
ture and subsequently weighed. In a typical experiment, a small piece
of sorbent (approximately 1 cm x 1 cm) was immersed in 20 mL of the
selected organic liquid for 1 min at room temperature. After the sorp-
tion process, the sample was carefully removed using tweezers, and the
sorbent was immediately weighed to minimize the effect of evaporation.
The sorption capacity (Q, wt.%) was calculated according to Eq. (1). All
sorption experiments were performed in triplicate, with average values
reported and standard deviations calculated from the three independent
measurements.

wy — wy
— x 100% (€8]
Wy

0=
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where w; is the weight of the sorbent after sorption, and wj is the initial
weight of the dry sorbent.

To further evaluate the oil/water separation performance under
more realistic conditions, additional experiments were conducted using
model oil-in-water emulsions. The emulsions were prepared by adding
diesel to deionized water at an oil-to-water volume ratio of 1:100, fol-
lowed by the addition of a non-ionic surfactant (Span 80, 0.1 wt.%)
to stabilize the dispersed oil droplets. For visualization and quantitative
analysis, the diesel phase was dyed using a trace amount of an oil-soluble
dye (Sudan IV). The mixture was emulsified by vigorous magnetic stir-
ring for 30 min, followed by ultrasonic treatment for 5 min to obtain a
stable, milky oil-in-water emulsion. For the separation tests, a piece of
the ZIF-67 (Co)/CoOH/CF composite (approximately 1 cm x 1 cm) was
immersed in 10 mL of the prepared emulsion and allowed to interact
for 30 min at room temperature. After treatment, the sorbent was re-
moved, and the separation performance was first evaluated qualitatively
by visual inspection of the emulsion transparency. For quantitative as-
sessment, the treated and untreated emulsions were analyzed by UV-Vis
spectroscopy (V-670, Jasco) by monitoring the absorbance at the char-
acteristic absorption wavelength of Sudan IV (approximately 520 nm).
The oil removal efficiency was calculated from the relative decrease in
absorbance before and after treatment according to Eq. (2). All emulsion
separation experiments were performed in triplicate, and the reported
values represent the mean + standard deviation.

(-%)
R=1[1-— ] x100% (2)
Ao
where A, and A, are the UV-Vis absorbance values of the emulsion
measured at the characteristic wavelength of Sudan IV before and after
treatment, respectively.

For the reusability assessment of the developed ZIF-67(Co)/CoOH/
CF composite sorbent, ten consecutive oil/water separation cycles were
performed using diesel as the representative oil. After each cycle, the
used sorbent was soaked in ethanol to remove residual oil, followed by
drying at 60 °C for 1 h. The regenerated sorbent was then reused under
identical conditions, and its sorption performance was recorded after
each cycle. To evaluate the effect of repeated separation-regeneration
cycles on surface wettability and fouling resistance, the WCA of the
composite was measured after ten cycles. In addition, post-cycling XRD
analysis was performed to examine potential structural changes after re-
peated diesel separation, as discussed in relation to the reusability and
anti-fouling performance.

To evaluate the structural and chemical stability of the sorbent,
ultrasound-assisted treatments were performed. The samples were son-
icated for 30 min in three different media: distilled water, artificial
seawater (0.6 M NaCl solution in distilled water), and diesel. After each
treatment, the materials were dried and characterized by XRD to in-
vestigate potential changes in crystallinity and phase composition. In
addition, a boiling water treatment was carried out to simulate harsh
thermal conditions. Samples were immersed in boiling water for 30 min,
followed by drying and XRD analysis. The combined XRD results were
used to assess the overall durability and structural retention of the mate-
rial under aggressive conditions. Furthermore, the chemical durability
of the composite sorbent was evaluated by immersing the samples in
aqueous solutions with different pH values (pH 3 and 11) for 30 min
at room temperature. The pH values of the solutions were adjusted us-
ing dilute HCI or NaOH. After immersion, the samples were thoroughly
rinsed with deionized water, dried at 60 °C, and subsequently subjected
to WCA measurements and diesel sorption tests to assess the influence
of acidic and alkaline environments on hydrophobicity and separation
performance.

To further examine the mechanical stability of the composite coat-
ing, a tape-peeling test was performed. Carbon tape was applied to the
sorbent surface and then removed to simulate mechanical abrasion. The
affected areas were subsequently analyzed using a wide-area 3D mea-
surement system (Keyence VR-3000) to produce surface maps and assess
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potential delamination or surface damage. To provide a quantitative
evaluation of abrasion tolerance, the tape-peeling procedure was re-
peated for N = 5 consecutive cycles using fresh tape in each cycle.
After the final peeling cycle, the mechanically challenged samples were
subjected to a diesel sorption test under the same conditions as the pris-
tine sorbents. The retained sorption capacity was calculated according
to Eq. (3).

o
Oretained = = X 100% ©)]
Q9
where Q, is the initial sorption capacity of the pristine sorbent, and
Qy is the sorption capacity measured after N consecutive tape-peeling
cycles.

3. Results and discussion
3.1. Microwave-assisted synthesis of sorbents

Microwave-assisted synthesis offers distinct advantages compared to
conventional thermal methods. During microwave irradiation, the elec-
tromagnetic field couples directly with solvent molecules, leading to a
rapid temperature increase within the reaction medium and localized
superheating. This distinctive property minimizes the wall-heating ef-
fect typically observed in conventional heating systems [60]. As a result,
energy transfer to the reactants is highly efficient, which accelerates re-
action kinetics, shortens synthesis times, and favors the formation of
uniform nanostructures [61]. For sorbent development in water treat-
ment applications, such nanostructured materials are particularly advan-
tageous, as their enlarged surface area and well-defined morphologies
improve adsorption efficiency and mass transfer processes.

In this study, microwave-assisted synthesis was utilized to reduce
the reaction time and to promote the formation of well-defined nanos-
tructured morphologies within the hierarchical composite. As the first
step in the fabrication sequence, the CF substrate was coated with
CoOH nanosheet arrays (Fig. 2(b)). In contrast to the original procedure
[56], methanol, whose high dielectric loss factor enables efficient cou-
pling with the microwave field, was employed as the solvent instead of
water. This choice was crucial for enabling the synthesis on the fluorine-
modified CF substrate with hydrophobic surface properties, as it allowed
effective wetting of the substrate and its full immersion into the reaction
solution. As a result, the synthesis required only 10 min, representing a
remarkable reduction in processing time compared to conventional hy-
drothermal approaches, where similar nanostructures typically require
12 h at 90 °C in an autoclave [56].

The actual process conditions monitored during the synthesis of
CoOH/CF are presented in Fig. 3(a). The reaction temperature rapidly
increased and stabilized at approximately 170 °C (i.e., well above
the atmospheric boiling point of methanol), which is possible due to
autogenous pressure in the sealed microwave reactor. This elevated
temperature was not externally imposed but resulted from efficient
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Fig. 2. Photos of sorbent surface changes: (a) bare CF, (b) CoOH/CF, and (c)
ZIF-67(Co)/CoOH/CF during the step-by-step preparation of the hierarchically
structured composite.
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Fig. 3. Process monitoring: time-dependent changes of temperature and power during microwave-assisted synthesis of (a) CoOH/CF and (b) ZIF—67 (Co)/CoOH/CF.

volumetric microwave heating of the methanolic reaction medium, with
the temperature effectively constrained by the reactor pressure safety
limit (20 bar). Meanwhile, the applied microwave power exhibited
a pulsed profile, fluctuating between 0 and 150 W over short inter-
vals to keep the pressure within the safety limit and thus maintain
a quasi-steady reaction temperature. Such dynamic regulation of the
microwave field is expected to influence nucleation and growth dynam-
ics: the alternating high-power bursts may promote rapid nucleation
events, while the intermittent low-power periods allow for controlled
crystal growth, ultimately resulting in nanosheet arrays with uniform
morphology. Compared to conventional hydrothermal synthesis, this
combination of rapid volumetric heating and pulsed microwave input
provides a distinct reaction environment that accelerates crystallization
without sacrificing structural order [62].

The final synthesis step was the microwave-assisted growth of
ZIF-67 (Co) on top of the CoOH nanosheet arrays. The successful synthe-
sis of ZIF-67 (Co)/CoOH/CF was confirmed by a distinct color change
of the sample to violet, as shown in Fig. 2(c). A temperature-controlled
microwave protocol was employed in this case (Fig. 3(b)). It should be
noted that the pulsed microwave power profile was primarily employed
during the formation of CoOH nanosheet arrays, where regulation of
nucleation and anisotropic growth is critical for achieving uniform
sheet-like morphologies and establishing a hierarchical scaffold. In con-
trast, during the subsequent growth of ZIF—67 (Co) on the pre-formed
CoOH template, a quasi-continuous microwave heating mode was suf-
ficient to promote controlled interfacial conversion and crystal growth
without requiring additional nucleation control. The reaction tempera-
ture was maintained at 70 °C, with an initial power input of 150 W used
to rapidly reach the target temperature, followed by near-steady oper-
ation at approximately 20 W under a slight overpressure of ~0.2 bar.
The total synthesis time was 2 h, representing a substantial reduction
compared to conventional synthesis methods of ZIF—67 (Co) reported in
the literature [44,46,63]. Accordingly, the obtained material exhibited
well-defined ZIF-67 crystallites with sizes in the range of 50-150 nm,
as confirmed by SEM and TEM analyses. Such structural features,
combining nanoscale crystallites with accessible porosity, make the de-
veloped hierarchical ZIF-67 (Co)/CoOH/CF composite highly promising
for sorption applications.

Based on the experimental observations, the conversion of the CoOH
nanosheet arrays into the ZIF—67(Co) coating is proposed to occur
via an interfacial, solution-mediated transformation. Under the reac-
tion conditions, 2-methylimidazole can coordinate with cobalt species
at/near the CoOH surface, while partial near-surface dissolution of
CoOH may locally release Co’>" ions into the surrounding solution.
These cobalt species subsequently react with imidazolate ligands, lead-
ing to nucleation and growth of ZIF—67 crystallites preferentially at
the CoOH template interface. In addition, triethylamine (TEA) serves
as a mild base, facilitating the deprotonation of 2-methylimidazole and
thereby promoting coordination and nucleation at the CoOH interface,
particularly under microwave-assisted conditions. Such an interfacial
dissolution—coordination-recrystallization pathway is consistent with

the role of CoOH as a self-sacrificial template and explains the formation
of a conformal ZIF—-67 layer while largely preserving the hierarchical
morphology of the nanosheet scaffold.

Overall, the developed microwave-assisted, template-based fabrica-
tion sequence was selected to directly address key limitations commonly
associated with conventional ZIF growth methods, including uneven
coating, particle agglomeration, weak adhesion, slow kinetics, and lim-
ited control over coating morphology/thickness. Specifically, rapid and
efficient energy transfer under microwave irradiation accelerates crys-
tallization kinetics and substantially shortens synthesis times, thereby
mitigating slow growth and improving process reproducibility. At the
same time, the pre-formed CoOH nanosheet arrays serve as a structured
intermediate layer that promotes more homogeneous nucleation and
continuous coverage during the subsequent ZIF—-67 growth step, which
helps to alleviate uneven coating formation and reduce the tendency
toward particle agglomeration. In addition, growth on the CoOH tem-
plate strengthens interfacial integration between the ZIF layer and the
CF substrate and enables improved control over the resulting surface
morphology and effective coating thickness within a scalable process-
ing time window. Together, these features provide a straightforward
processing route to obtain a well-adhered and morphologically uniform
ZIF-67 (Co)/CoOH/CF composite suitable for sorption-based oil/water
separation.

From an environmental and process-efficiency perspective, both
stages of the microwave-assisted synthesis route offer advantages com-
pared to conventional hydrothermal or solvothermal approaches. During
the formation of CoOH nanosheet arrays, rapid volumetric heating under
microwave irradiation accelerates urea decomposition and hydroxide
formation, enabling the synthesis to be completed within minutes rather
than hours and thereby reducing overall energy input. Similarly, the
subsequent microwave-assisted growth of ZIF—67 (Co) proceeds under
relatively mild conditions (70 °C, low pressure) with a total reaction
time of 2 h, which is substantially shorter than that typically required
for solvothermal ZIF-67 synthesis. In addition, direct growth of the ZIF
layer on the substrate eliminates the need for post-synthesis powder
processing steps, such as filtration or re-dispersion, further simplifying
the process. While a comprehensive life-cycle assessment is beyond the
scope of this study, the reduced reaction times, moderate operating con-
ditions, and simplified processing suggest that the proposed microwave-
assisted route may offer improved time- and energy-efficiency for the
preparation of hierarchical ZIF-based sorbents.

3.2. Physical characterization of sorbents

The surface morphology of the synthesized materials was investi-
gated using SEM and TEM as illustrated in Fig. 4. Following the detailed
synthesis procedure outlined in Section 2.2, the CF substrate (Fig. 4(a))
was initially coated with CoOH (Fig. 4(b)). The SEM and TEM images
reveal that the surface morphology of the as-prepared CoOH/CF is com-
posed of nanosheet arrays with excellent alignment, vertical growth, and
a high surface-to-volume ratio. The CoOH/CF coating served a dual role:
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Fig. 4. SEM images of (a) bare CF, (b) CoOH/CF, and (c) ZIF-67(Co)/CoOH/CF. Insets in (a—c) show corresponding high-magnification SEM and TEM images (where

applicable). (d) EDX elemental mapping of the ZIF-67(Co)/CoOH/CF composite.

firstly, as self-sacrificial precursors and sources of Co ions, and secondly,
as a structural framework for the formation of ZIF-67(Co)/CoOH/CF
(Fig. 4(c)). According to the low- and high-magnification SEM and
TEM images, the surface of ZIF-67(Co)/CoOH/CF is highly rich in
macroporosity, consisting of rhombic dodecahedral-shaped particles
homogeneously distributed throughout the fiber surface.

The EDX spectra of bare CF, as-prepared CoOH/CF, and ZIF-67(Co)/
CoOH/CF composites are shown in Fig. 5(a). A stepwise emergence
of distinctive Co, O, and N peaks can be clearly observed, indicating
the successful step-by-step surface modification of CF. Quantitative EDX
analysis was performed to evaluate the weight percentage changes of
the respective elements at each synthesis step, with the summarized
results provided in Table 1. As shown in Table 1, the Co content pro-
gressively increases during the modification process, demonstrating the
successful deposition of Co species. The EDX elemental mapping re-
sults, presented in Fig. 4(d), further confirm a uniform distribution of Co
throughout the CF surface. Although a decrease in F content is observed,
suggesting that the initial F groups on bare CF are partially replaced or
covered during surface functionalization, the remaining amount of ap-
proximately 4.5% helps to enhance the hydrophobic properties of the
resulting ZIF-67(Co)/CoOH/CF composite (Fig. 7(c)).

The XRD analysis aimed to evaluate the crystallinity of the pre-
pared samples and confirm the presence of the desired structures. As
shown in Fig. 5(b), strong diffraction peaks observed in all investi-
gated samples at around 26.39° and 54.37° correspond to the (002) and
(004) planes of the graphitic structure in the CF substrate (PDF 00-041-
1487) [64]. Additional peaks at 18.09°, 31.56°, and 36.58°, indexed to
the (100), (110), and (200) planes, are attributed to the PTFE treatment
of the CF substrate (PDF 00-060-1504) [65]. Two further reflections ob-
served at 34.37° and 48.12° match well with polyoxyethylene (PDF
00-064-1486). The presence of these peaks may result from residual
polyethylene glycol (PEG)-based compounds used during the surface
modification of the fibers. PEG is sometimes employed as a dispersant,
surfactant, or binder in PTFE coating formulations to facilitate uniform
film deposition on hydrophobic substrates such as CF. The XRD pat-
tern of the synthesized CoOH/CF material exhibited two characteristic

peaks located at 260 = 10.29° and 20.47°, which can be assigned to the
(003) and (006) planes of a-CoOH. These peaks are slightly shifted com-
pared to the reference values reported in JCPDS No. 46-0605, where
the corresponding reflections are observed at approximately 9.6° and
19.3° [66]. Such deviations may be attributed to variations in the inter-
layer spacing, potentially caused by the incorporation of guest species,
residual solvents, or structural distortions introduced during the synthe-
sis process. The XRD pattern of the synthesized ZIF-67(Co)/CoOH/CF
displayed characteristic peaks at 26 values of 7.51°, 10.53°, 12.89°,
14.87°,16.63°,18.21°, 26.69°, 29.82°, 31.61°, and 32.5°, which corre-
spond to the (011), (002), (112), (022), (013), (222), (134), (044), (244),
and (235) planes, respectively, in good agreement with the standard data
for ZIF-67 (JCPDS No. 43-0144) [63].

The bonding and chemical information of the investigated sorbents
were analyzed using FT-IR spectroscopy, as illustrated in Fig. 5(c).
The FT-IR spectrum of the PTFE-treated CF displays characteristic
absorption bands of CF, functional groups. Strong peaks at 1202 cm™!
and 1148 cm™! are attributed to the symmetric and asymmetric
stretching vibrations of C-F bonds, while additional features at 638,
553, and 499 cm! correspond to CF, rocking, deformation, and
wagging modes, respectively [67]. However, in the present spectrum,
the CF-related peaks appear weak or absent, which can be attributed
to the thickness or high uniformity of the PTFE layer and the in-
herently low IR activity of graphitic carbon. The FT-IR spectrum of
the CoOH/CF composite confirms the successful deposition of the
cobalt hydroxide layer, as evidenced by a distinct band near 553 cm™!
corresponding to Co—OH bending vibrations [68]. The broad absorption
at 3445 cm™! is attributed to the O-H stretching of interlayer water
molecules, while the weak peak at 1628 cm™! corresponds to H-O-H
bending. The bands at 2924 cm™ and 2823 cm™! are assigned to C-H
stretching vibrations of residual alkyl chains (e.g., from alkylamine
species) [69]. A peak near 1380 cm™! indicates the presence of in-
terlayer nitrate anions. Additional peaks at 1530, 1035, 825, 742,
and 694 cm! correspond to the vibrational modes of carbonate- and
carboxylate-related species—uv,(COO™)/v3(CO;27), v(C—0)/v,(CO5*7),
5(CO32‘), §(CO07), and p(COO~), respectively—supporting the
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Fig. 5. Physical characterization of the investigated sorbents: (a) EDX spectra, (b) XRD patterns, (c) FT-IR spectra, (d) TGA curves, (e) Kr adsorption isotherms, and
(f) pore size distribution of the resulting ZIF-67(Co)/CoOH/CF composite calculated from N, adsorption isotherm (inset).

presence of multiple oxygenated coordination environments [68,69].
The FT-IR spectrum of the ZIF-67(Co)/CoOH/CF composite further
confirms the successful formation of the ZIF-67 framework. A strong
absorption band at 424 cm! is attributed to the Co-N stretching
vibration, indicative of coordination between cobalt ions and nitrogen
atoms in 2-methylimidazole ligands. The bending vibration of the
imidazole ring is observed at 693 cm™!, while the band at 755 cm™! is
assigned to out-of-plane C-H bending vibrations of the imidazole ring,
and the band at 1576 cm™ corresponds to ring stretching vibrations
(predominantly C=N/C=C) in the 2-methylimidazole framework.
Additional signals at 992 cm™ and 1141 cm™ are associated with
in-plane ring vibrations with contributions from C-N modes (often
reported as a mixed ring/C-N vibration) and C-N stretching vibrations,
respectively. Furthermore, in-plane bending vibrations of C-H groups
are observed at 1416 cm™! and 1304 cm™, consistent with previously
reported data [70].

The thermal stability of the samples was evaluated using TGA.
As shown in Fig. 5(d), all investigated materials exhibited a notable
weight loss in the temperature range of 500-600 °C, which can be
attributed to the decomposition of organic moieties and the release
of volatile components. In this temperature region, the mass losses
were approximately 21% for CF, 24% for CoOH/CF, and 23% for
ZIF-67(Co)/CoOH/CF. Beyond 600 °C, no substantial changes were ob-
served, suggesting the completion of the major decomposition processes.
The final residual masses at 1000 °C were around 77%, 73%, and 75%
for CF, CoOH/CF, and ZIF-67(Co)/CoOH/CF, respectively. These results

Table 1

Weight percentages of Co, O, N, C, and F elements in CF, CoOOH/CF,
and ZIF-67(Co)/CoOH/CF sorbents as determined by quantitative
EDX analysis.

Sorbent Co (%) 0 (%) N (%) C (%) F (%)
CF - - - 68.94 31.06
CoOH/CF 19.13 22.48 - 43.13 15.26
ZIF-67(Co)/CoOH/CF  25.51 3.77 9.93 56.33 4.46

indicate that the thermal stability of the sorbents follows the order: CF >
ZIF-67(Co)/CoOH/CF > CoOH/CF. Since the residual masses at 1000 °C
are relatively similar across the samples, it can be concluded that the
modification of CF with active layers had only a minor impact on its
overall thermal stability.

The specific surface areas of the samples were derived from the Kr ad-
sorption isotherms shown in Fig. 5(e). The pristine CF exhibits a surface
area of approximately 0.68 m? g-1, which increases to 1.1 m? g™! after
the deposition of the CoOH nanosheet layer. Following the growth of
the ZIF-67 (Co) framework on the CoOH/CF substrate, the surface area
increases substantially to 19.2 m? g~!, confirming a significant contri-
bution from the porous ZIF—67 (Co) component. The sample mass was
recorded after each synthesis step to estimate the mass fraction of the
deposited framework. A mass increase of 1.62 wt.% was measured af-
ter the ZIF—67 (Co) growth step, suggesting the formation of a relatively
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Fig. 6. XPS survey spectrum (a) and high-resolution XPS spectra of the Co 2p; /2 (b), N 1s and O 1s (c), and C 1s (d) regions for all investigated materials.

Table 2

Atomic concentrations of Co, O, N, C, and F elements in CF, CoOH/CF,
and ZIF-67(Co)/CoOH/CF samples as determined from the XPS sur-
vey spectra.

Sorbent Co (%) 0 (%) N (%) C (%) F (%)
CF - 1 - 41 58
CoOH/CF 16 43 6 21 14
ZIF-67(Co)/CoOH/CF 6 5 19 59 11

thin ZIF-based coating distributed over the high-area CF substrate rather
than a thick bulk deposit. Based on this mass fraction and the mea-
sured composite surface area, the intrinsic surface area of the deposited
ZIF—67 (Co) phase was estimated by a mass-balance approach to be on
the order of ~ 10> m? g-1. This value should be regarded as an indi-
rect approximation (rather than a directly measured BET surface area),
and it is consistent with the range typically reported for ZIF-67 pow-
ders in the literature. Analysis of the pore-size distribution (Fig. 5(f)) of
the resulting composite indicates predominant microporosity with pore
widths in the range of 1-1.4 nm, consistent with the steep uptake at low
relative pressures observed in the N, adsorption isotherm.

The oxidation states and binding characteristics of the metal ions
in the synthesized materials were investigated by XPS analysis (Fig. 6).
The binding energy scale of both survey and core-level spectra was cal-
ibrated by setting the C-C component of the C 1s spectrum to 284.8 eV.
Survey and core-level spectra were acquired using pass energies of
200 eV and 50 eV, respectively. The core-level spectra of C 1s, O 1s,
and N 1s were fitted using Voigt peak shapes with an approximate
Lorentzian-to-Gaussian ratio of 30:70, and the contribution of inelas-
tically scattered photoelectrons was corrected by Shirley background
subtraction. Because the probing depth of XPS is limited to only a few
nanometers, it serves as an appropriate technique to confirm the suc-
cessful deposition and surface composition of the CoOH and ZIF-67(Co)
layers (Table 2).

The analysis of the Co 2p core-level spectra in oxides containing
mixed-valence Co** and Co** species is known to be challenging due to
the multiplet splitting characteristic of 3d transition-metal oxides [71]
and overlapping Co LMM and O KVV Auger peak structures in spectra

collected using Al Ka (hv = 1486.7 eV) radiation [72,73]. The normal-
ized Co 2p;,, spectra for the CoOH and ZIF-67(Co) samples reveal a
clear difference in the 786-788 eV binding energy region (Fig. 6(b)).
To interpret this difference, the Co 2p;,, peaks were fitted using the
cobalt(Il) hydroxide and spinel cobalt oxide multiplet structures pro-
posed by Biesinger et al. [71]. In this work, the mixed valence states of
Co in the CoOH/CF and ZIF-67(Co)/CoOH/CF samples were estimated
based on this multiplet fitting approach, where the cobalt(II) hydrox-
ide components represent Co’* species, while the spinel cobalt oxide
components correspond to a combination of Co>* and Co* oxidation
states. The peaks associated with cobalt(II) hydroxide are labeled in
red in Fig. 6(b), whereas those corresponding to spinel cobalt oxide are
shown in green. A broad feature at lower binding energies in both spec-
tra is attributed to the Co LMM Auger transition. Based on the fitting
results, the Co®*/Co>* ratio is higher for the CoOOH/CF sample. Previous
studies by Fantin, Yang, and Petitto have shown that an increase in the
intensity of the Co 2p;, feature at 785-788 eV can be associated with
an elevated Co** content [72,74,75], which further supports the present
findings.

In the C 1s spectrum of the CF sample (Fig. 6(d)), the dominant fea-
ture is an asymmetric sp> G-C component at 284.0 eV accompanied by
a m—r* shake-up satellite near 291 eV. Evidence of PTFE treatment is
observed through the CF, component at 292.0 eV and the C-CF con-
tribution at 286.3 eV. A weak feature at ~294 eV is assigned to CFj
(or the high-energy tail of the z—z* shake-up) [76], while a component
at 288.0 eV is attributed to C=0. Upon CoOH deposition (CoOH/CF),
the Co atomic concentration increases from O to 16 at.% (Table 2), and
the C 1s envelope changes accordingly (Fig. 6(d)). The graphitic sp?
C-C contribution is strongly attenuated, and the CF, intensity decreases
by approximately one half. New contributions assigned to C-C/C-H
(284.8 eV), C-O (285.5 eV), C-N (286.4 eV), and C=0 (288.0 eV)
become apparent, consistent with the formation of hydroxylated and
cobalt-containing surface species. These assignments are consistent with
the FTIR results.

The growth of ZIF-67(Co) on top of CoOH/CF is supported by the
decreased atomic concentrations of Co and O, together with increased
N and C contents on the surface of the ZIF-67(Co)/CoOH/CF sample
(Table 2). The N 1s spectrum of ZIF-67(Co)/CoOH/CF shows an intense
pyridinic-N signal at 398.8 eV and a weaker component at 400.5 eV
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Fig. 7. Contact angle analysis: WCA (a—c) and OCA (d—f) of bare CF, CoOH/CF,
and ZIF-67(Co)/CoOH/CF, respectively; digital photographs showing floating on
water (g) and sinking in diesel (h) for ZIF-67(Co)/CoOH/CF composite.

attributed to C-N/C-O bonds, whereas the pyridinic-N contribution is
not clearly resolved in the N 1s spectrum of CoOH/CF [77]. The O 1s
spectrum of CoOH/CF consists of a C=0 feature at 531.1 eV and a
Co-OH component at 532.2 eV. In addition to these components, the
O 1s spectrum of ZIF-67(Co)/CoOH/CF exhibits an intense feature at
529.8 eV corresponding to Co—-O bonds [75,78], and a higher-binding-
energy structure at 533.5 eV that can be assigned to O-N species. The
F 1s peak at 689.0 eV, characteristic of PTFE [76], shows no signifi-
cant change between the samples, but its reduced intensity supports the
step-by-step deposition of COOH and ZIF-67(Co) on the CF substrate.

3.3. Comparative analysis of sorbent efficiency

WCA and OCA measurements are crucial for evaluating the surface
wettability of sorbents, which directly influence their efficiency in se-
lective oil/water separation [30,45]. Materials exhibiting high WCA
(> 90°) and low OCA (< 30°) are typically considered hydrophobic
and oleophilic, respectively—desirable properties for efficient sorbents.
Based on the WCA and OCA measurements, shown in Fig. 7, the fluorine-
treated CF substrate exhibited a WCA of 138.5°, indicating strong
hydrophobicity, and reduced oil affinity with an OCA of 95.3°. After
CoOH layer deposition, the CoOH/CF composite showed a slightly re-
duced WCA of 106.1°, likely due to the introduction of surface hydroxyl
groups that increase surface polarity, and slightly increased oil affin-
ity with an OCA of 53.2°. Despite the improvements observed after
CoOH modification, the combination of high hydrophobicity and strong
oleophilicity — critical for an ideal sorbent — was not fully achieved
at this stage. In contrast, the ZIF-67(Co)/CoOH/CF composite demon-
strated a significantly enhanced WCA of 150.1°, indicative of superhy-
drophobic behavior, along with complete oil spreading (OCA = 0°),
confirming its superoleophilic nature. The enhanced superhydropho-
bicity of ZIF-67(Co)/CoOH/CF can be attributed to the hierarchical
micro/nanostructure formed by ZIF-67 crystals, which increases sur-
face roughness and promotes the Cassie-Baxter wetting state. In this
state, air pockets trapped beneath water droplets reduce the solid-liquid
contact area, resulting in WCA exceeding 150°. Simultaneously, the
oleophilic chemical composition and roughness facilitate oil spreading,
leading to an OCA of nearly zero, which is critical for selective oil sorp-
tion. This selective wetting behavior was further confirmed visually: the
ZIF-67(Co)/CoOH/CF composite floated on the water surface while im-
mediately sinking in diesel (Fig. 7(g) and (h)), clearly demonstrating its
superhydrophobic and superoleophilic nature.

In the present study, oil/water separation performance is assessed
based on sorption capacity, which serves as the primary quantitative
metric for separation efficiency in sorbent-based systems. This approach
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Table 3

Comparison of WCA/OCA and sorption capacities of various MOF-
based composite sorbents for the selective separation of different
organic solvents and oils from water.

Sorbent WCA/OCA Q (wt.%) Ref.
ZIF-67(Co)/CoOH/CF 151°/0° 84-321 this work
ZIF-8(Zn)/PES beads 115°/- 15-40 [80]
ZIF-8(Zn)/CNF 135°/- 36-58 [82]
ZIF-8(Zn)/tea bag 142°/0° 70-250 [79]
ZIF-8(Zn)/HFGO 162°/0° 20-280 [42]
MIL-101(Fe)/FG 146°/0° 440-560 [81]
ZIF-8(Zn)/HFGO/Sponge 162°/0° 150-600 [42]
ZIF-8(Zn)/Carbon fabric 150°/0° 1500-2400 [48]
ZIF-8(Zn)/Sponge 140°/0° 1000-3800 [43]
ZIF-67(Co)/PLA aerogel 132°/0° 1500-3000 [46]
ZIF-67(Co)/Sponge 142°/0° 7900-17700 [44]

is particularly suitable for evaluating cyclic separation behavior, as it
directly reflects the effective uptake and retention of organic liquids
during repeated use. The sorption capacity of bare CF, CoOH/CF, and
ZIF-67 (Co)/CoOH/CF was evaluated using various organic liquids, as
shown in Fig. 8(a). A progressive enhancement in sorption performance
was observed across the composite series, highlighting the contribu-
tion of each surface modification stage. Compared to bare CF, the
CoOH/CF composite exhibited higher sorption capacities for several po-
lar and moderately polar sorbates, including toluene (110 wt.%), ethyl
acetate (115 wt.%), and ethylene glycol (152 wt.%), presumably due
to favorable dipole-dipole interactions and increased affinity toward
hydroxyl-rich surfaces. This trend was further amplified upon the incor-
poration of ZIF-67 nanocrystals, resulting in substantial improvement
across all tested liquids. The final ZIF-67 (Co)/CoOH/CF composite
exhibited sorption capacities ranging from 84 to 321 wt.%, with the
highest uptakes observed for hydrocarbon oil (321 wt.%), edible oil
(252 wt.%), and diesel (164 wt.%).

To contextualize these findings, the performance of the developed
composite was compared with other recently reported MOF-based ma-
terials, as summarized in Table 3. Although the sorption capacity range
of ZIF-67 (Co)/CoOH/CF appears moderate compared to the highest
reported values, direct comparison is not always appropriate due to
differences in substrate architecture, material density, and testing pro-
tocols. Specifically, the composite outperforms pure ZIFs [43,79] and
ZIF/polyether sulfone (PES) hybrids [80], and performs comparably
to more advanced MOF systems integrated with fluorinated graphene
(FG) or highly fluorinated graphene oxide (HFGO) [42,81]. On the
other hand, much higher sorption values (up to 17,700 wt.%) reported
for sponge- and aerogel-supported composites [44,46] are largely at-
tributed to their ultralow bulk density and highly open macrostructure.
For example, melamine sponges typically exhibit bulk densities below
10 mg/cm?, while carbon fibers are much denser (1700-2000 mg/cm?),
i.e., more than two orders of magnitude higher in bulk density. This con-
trast significantly influences gravimetric normalization, inflating wt.%
values for lightweight substrates.

Moreover, in such sponge-based systems, a considerable portion of
the absorbed liquid is likely retained in inter-fiber voids or capillary
spaces rather than being confined within the actual material matrix. As a
result, the mass of the sponge after sorption increases substantially, even
if the intrinsic sorption capacity of the material itself is not dramatically
higher. Importantly, gravimetric sorption capacity alone does not fully
capture practical performance requirements for oil/water separation
sorbents. In contrast to highly compressible sponge- and aerogel-based
supports, the CF substrate provides substantially higher mechanical
strength and morphological stability, which are critical for handling,
regeneration, and repeated separation cycles. The rigid and robust CF
framework helps preserve the composite architecture and the active
surface morphology during use, thereby supporting more reliable perfor-
mance in practical scenarios where mechanical deformation, abrasion,
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Fig. 8. (a) Sorption capacities of bare CF, CoOOH/CF, and ZIF-67(Co)/CoOH/CF toward various organic sorbates. (b) Reusability of ZIF-67(Co)/CoOH/CF over ten
consecutive diesel separation cycles (inset: WCA images of the pristine sample and after 10 cycles). (c) Diesel sorption capacity and corresponding WCA of ZIF-
67(Co)/CoOH/CF after 30 min exposure to acidic (pH 3) and alkaline (pH 11) aqueous solutions. Data are presented as the mean of three independent measurements
(n = 3); the green error bars represent the standard deviation. (d,e) XRD patterns of the composite after the stability tests.

and long-term durability are key concerns. Therefore, while ultralight
sponges may exhibit exceptionally high wt.% values, CF-supported com-
posites offer a more mechanically resilient and application-relevant
platform for stable and reusable oil/water separation.

To further rationalize the enhanced sorption performance of the
ZIF—67 (Co)/CoOH/CF composite, it is useful to consider the synergistic
role of its hierarchical structure, which presumably contributes be-
yond the effects of superhydrophobicity and overall surface area alone.
At the nanoscale, the intrinsic microporosity of ZIF-67 provides abun-
dant adsorption sites and promotes affinity toward organic molecules,
supporting effective uptake and retention. At larger length scales, the
structural organization formed by ZIF-67 nanocrystals grown on CoOH
nanosheet arrays (whose characteristic dimensions exceed those of the
ZIF crystallites) is expected to generate an open, interconnected network
with interparticle voids and short diffusion pathways. Such a configura-
tion can facilitate rapid wetting and penetration of organic liquids into
the composite and reduce mass-transfer limitations compared to densely
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packed or powder-like ZIF structures. In addition, the porous carbon
fiber framework provides continuous transport channels and mechanical
support, enabling efficient liquid access to active regions while maintain-
ing structural integrity during handling and repeated use. Overall, the
hierarchical integration of adsorption sites with interconnected trans-
port pathways is therefore believed to promote fast capture and efficient
distribution of organic liquids throughout the composite, helping to
mitigate surface clogging and sustain high separation efficiency under
practical conditions.

To evaluate the separation performance under more realistic condi-
tions, the ZIF-67 (Co)/CoOH/CF composite was further tested using a
surfactant-stabilized oil-in-water emulsion (diesel in water, 1:100 v/v,
Span 80), where the diesel phase was dyed with Sudan IV for UV-Vis
quantification. As shown in Fig. 9(a), the emulsion became visibly more
transparent after treatment, indicating effective removal of dispersed
oil droplets. This observation is supported by UV-Vis measurements
at ~520 nm: the absorbance decreased from A, = 0.529+0.008 (untreated
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(@)

1:100
v/v, 0.1 wt.% Span 80; dyed with Sudan IV) before and after treatment with
ZIF—-67 (Co)/CoOH/CF. (b,c) Wide-area 3D surface maps of the composite before
and after a carbon tape-peeling test, respectively, highlighting abrasion-induced
changes of the outermost coating layer.

Fig. 9. (a) Photographs of a diesel-in-water emulsion (diesel:water =

emulsion) to A; = 0.128 + 0.005 after 30 min of contact (mean =+ SD,
n = 3), corresponding to an oil removal efficiency of 75.8 + 0.7% (Eq. 2).
Given the increased separation difficulty associated with surfactant-
stabilized microdroplets, these results are presented as a proof-of-
concept demonstrating that the composite remains effective beyond
simple immiscible oil/water systems.

The long-term reusability and stability of the ZIF—67 (Co)/CoOH/CF
composite were systematically evaluated for practical applications. As
shown in Fig. 8(b), the ZIF-67 (Co)/CoOH/CF composite retained over
92% of its initial sorption capacity after ten consecutive diesel separa-
tion cycles, demonstrating excellent reusability. To assess the effect of
repeated oil/water separation on surface wettability, the water contact
angle (WCA) was measured after ten separation-regeneration cycles.
The WCA decreased only slightly from 150.1° for the pristine sample
to 143.7° after ten cycles, indicating that the superhydrophobic surface
characteristics were largely preserved (Fig. 8(b), inset). In addition, the
self-cleaning and anti-fouling performance of the composite was eval-
uated by post-cycling characterization. The XRD pattern recorded after
ten separation-regeneration cycles shows no noticeable changes in peak
positions or relative intensities compared with the pristine sample, in-
dicating that the crystalline framework remains intact during repeated
operation (Fig. 8(e)). Together with the minor change in WCA and the re-
tained separation/sorption performance, these results support effective
solvent-assisted regeneration and good resistance to persistent fouling.

Ultrasound-assisted treatments were performed to assess structural
robustness. The XRD analysis, depicted in Fig. 8(d), revealed that the
characteristic peaks remained unchanged after sonication in distilled
water and artificial seawater, indicating strong crystallinity retention.
In contrast, after diesel exposure, a slight decrease in peak intensity
was observed, likely due to the sorption of hydrocarbons within the
material pores. Boiling water treatment caused pronounced structural
degradation, evidenced by a strong suppression (nearly disappearance)
of the characteristic XRD reflections of the ZIF-67 phase. This behavior
is consistent with partial hydrolysis/amorphization of ZIF-67 under ex-
treme hydrothermal conditions, indicating that boiling water represents
a harsh stability limit for the composite.

In addition, the chemical durability of the ZIF-67 (Co)/CoOH/CF
composite under different pH conditions was evaluated to assess its
stability in acidic and alkaline aqueous environments. After exposure
to solutions with pH 3 and 11, the composite maintained high water-
repellency, with water contact angles of 135.6° (pH 3) and 149.2°
(pH 11) (Fig. 8(c)). Notably, after acidic treatment the characteristic

11

Materials & Design 263 (2026) 115652

pink surface coloration partially faded, suggesting that the outermost
coating layer on the most exposed fibers is more susceptible to acidic
conditions. However, owing to the intrinsic hydrophobicity and the mul-
tilayer/hierarchical structure of the composite, the inner fiber layers
remain largely protected and coated. This is supported by XRD analysis,
where a decrease in peak intensities was observed after pH 3 exposure
while the characteristic diffraction peaks remained clearly detectable,
indicating preserved phase identity. In contrast, alkaline treatment did
not produce noticeable changes in the XRD peak intensities, consis-
tent with the minimal change in water contact angle. Consistently, the
average diesel sorption capacity remained high after pH exposure, de-
creasing by only ~ 12% (pH 3) and ~ 1% (pH 11) relative to the neutral
reference. Overall, these results demonstrate good chemical durabil-
ity of the composite: despite the more challenging acidic environment,
it retained strong hydrophobicity and high oil uptake, supporting its
practical applicability for oil/water separation in water streams with
variable pH.

Mechanical robustness of the coating was first assessed using a
tape-peeling test, where wide-area 3D surface mapping revealed par-
tial removal of the top layer (Fig. 9(b, c)), highlighting the effect of
mechanical abrasion. Notably, increasing the number of tape-peeling
rounds to N = 5 did not lead to visible macroscopic changes in the
sample. This behavior can be rationalized by the nature of the CF sub-
strate and the hierarchical architecture of the composite: the adhesive
tape primarily interacts with and partially removes the coating from
the most exposed outer carbon fibers, whereas the inner fiber layers
remain largely protected and structurally intact. This interpretation is
supported by the XRD patterns recorded after the tape-peeling pro-
tocol (Fig. 8(e)), which show no detectable loss of the characteristic
diffraction features of the active phase, indicating preserved structural
integrity. In addition, the functional consequence of repeated abrasion
was quantified by measuring the diesel sorption capacity after N = 5
cycles, yielding a high retained sorption capacity of 96% relative to the
pristine sample (Eq. 3). Taken together, these results demonstrate that
the ZIF-67 (Co)/CoOH/CF composite combines high sorption efficiency
and selectivity with resilience to mechanical stress, complementing its
chemical and thermal stability. Further enhancement of durability and
the development of post-treatment strategies could be explored in fu-
ture studies to optimize long-term performance for practical oil/water
separation applications.

4. Conclusions

In this work, a hierarchical ZIF-67 (Co)/CoOH/CF composite was
developed via a two-step microwave-assisted strategy, enabling the
rapid formation of cobalt hydroxide nanosheet arrays and their sub-
sequent conversion into ZIF-67 nanocrystals. This design resulted in a
well-integrated composite architecture that combines nanoscale crys-
tallinity and intrinsic microporosity with a mechanically robust carbon
fiber substrate. As a consequence, the surface wettability could be
precisely tuned from hydrophobic/oleophilic to superhydrophobic/su-
peroleophilic, which is essential for selective oil/water separation. The
resulting composite exhibited high sorption capacities toward a broad
range of organic liquids and outperformed many previously reported
MOF-based sorbents supported on dense substrates, while maintaining
stable performance during repeated separation cycles and under var-
ious harsh experimental conditions. Moreover, as a proof of concept,
the composite exhibited measurable performance in treating surfactant-
stabilized diesel-in-water emulsions. From a broader perspective, this
study demonstrates that a rational hierarchical design, together with
a rapid microwave-assisted synthesis route based on a self-sacrificing
template, provides an effective strategy to address the intrinsic trade-
offs between sorption efficiency, selectivity, and mechanical robustness
that commonly limit porous oil/water separation materials. Although
boiling-water treatment represents a harsh stability limit for the mate-
rial and partial mechanical abrasion was detected, the overall balance of
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efficiency, durability under relevant operating conditions, and reusabil-
ity highlights the practical potential of the developed composite. Future
work will focus on post-treatment and structural optimization strategies
to further enhance durability and extend the operational lifetime of hi-
erarchically structured ZIF-based sorbents under demanding operating
conditions.
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