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1. Introduction

Superhydrophobic fluorinated metal—organic
framework (MOF) devices for high-efficiency
oil—water separationt

Jiagi Ma,? Mingshi Zhang,*° Rui Feng,® Lu Dong,? Wei Sun® and Yanyuan Jia**®

Oil spills have been a persistent environmental challenge globally, resulting in severe long-term impacts.
Thus, developing materials for efficient oil-water separation is crucial. Metal—organic frameworks (MOFs),
as a rapidly emerging class of porous materials, have gained tremendous attention due to their ultra-high
surface area. In this study, four fluorinated MOFs with UiO-66 topology were synthesized and character-
ized. Their hydrophobicity was tailored by varying the types and quantities of the fluorine-containing
functional groups (—F or —CF3) on the ligands. Among them, 2CF3-UiO-66 showed the highest hydropho-
bicity, with a water contact angle (WCA) of 145.9°, making it promising for adsorbing organic pollutants
and as a hydrophobic coating material. 2CF3-UiO-66 powder efficiently reduced the concentration of
3,5-dichlorophenol (a model halogenated water pollutant) from 300 ppm to 23.4 ppm within 2 hours.
Furthermore, 2CF3-UiO-66 was in situ coated on cotton (CT) and sponge (SP) to form composite
materials, 2CF3-UiO-66@CT and 2CF3-UiO-66@SP. 2CFz-UiO-66@CT is superhydrophobic (WCA =
164.7°), flexible, and fire retardant. It efficiently separated water and nine organic solvents via filtration,
meeting commercial standards of <0.01% water content in the filtered organic solvents. 2CFs-
UiO-66@CT remains structurally intact after 20 filtration recycles, suggesting its durability. These advan-
tages make the 2CF3-UiO-66@CT an ideal candidate for oil-water separation via filtration. Alternatively,
2CFs-UiO-66@SP, with a porous sponge backbone, is suitable for oil-water separation by adsorbing the
organic phase efficiently (60-140 g g~* adsorption capacity on nine organic solvents), and the adsorbed
oil can be easily pumped out. Overall, we believe the fluorinated MOFs reported in this work have great
potential for adsorption and superhydrophobic coating applications.

emulsification, and dissolution in the ocean, ultimately leading
to global migration and pollution.>* Qil spills are catastrophic

Oil leaks and spills frequently occur in accidents or during the
extraction and transportation of petroleum products. Over
700 million liters of oil-containing wastewater enter the ocean
globally each year.! Crude oil and petroleum products are
immiscible with water and undergo diffusion, evaporation,
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to ecosystems®™ and lead to waste of valuable petroleum
resources. Furthermore, the costs of cleaning up oil spills world-
wide annually range from ~108 million to over 65 billion USD.®
Mechanical extraction and in situ burning are conventional
methods for oil spill cleanup.”® However, mechanical extraction
exhibits disadvantages such as low efficiency and high energy
consumption.” The oil combustion approach generates severe
air pollution.®'® Therefore, developing efficient and eco-friendly
materials for oil-water separation is highly desirable.

The utilization of hydrophobic porous materials represents
an emerging approach to oil-water separation."* This method
offers advantages such as high efficiency, cost-effectiveness,
and environmental friendliness.'> However, conventional
porous materials, such as activated carbon and zeolite, have
limited surface area and hydrophobicity, leading to low oil
recovery rates and adsorption capacities."** Therefore, devel-
oping superhydrophobic porous materials is promising in
addressing the oil-water separation problem. Metal-organic
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frameworks (MOFs) are crystalline porous materials with ultra-
high surface areas, tunable pore sizes, and modifiable func-
tional groups.'® These properties allow MOFs to have wide
applications in gas adsorption,'®™®  separation,'®?°
catalysis,”’* sensing,>>?® and energy storage.>”*® Moreover,
the tunable porous nature of MOFs makes them promising
candidates as adsorbents for dyes,>?° toxic ions,*' and
pesticide.>** However, to meet the requirement of oil-water
separation, the wettability of MOFs must be controlled. Ideally,
MOFs with superhydrophobic surfaces are desired. MOFs are
composed of metal nodes and ligands containing coordinating
functional groups such as carboxyl groups in the structure.
Current strategies to prepare hydrophobic MOF materials
majorly include (1) using hydrophobic linkers, (2) post-syn-
thetic modification, (3) creating surface roughness, and (4)
forming composites of MOF with hydrophobic materials.**
Using hydrophobic linkers has advantages over the other strat-
egies because it alternates the MOF structure at the molecular
level. In addition, direct synthesis of the MOF can be achieved
once the ligands are ready. Hydrophobic moieties such as
alkyl®>*® or fluorine-containing functional groups®”*® have
been installed on the ligands in MOFs. Although it is known
that incorporating fluorine-containing functional groups can
increase the material hydrophobicity,® the effects of different
fluorinated functional groups and their quantities on the
hydrophobicity of MOFs have rarely been investigated and
compared. However, understanding and establishing a
relationship between the types and numbers of fluorine-con-
taining groups and the material wettability are key to the
design of superhydrophobic MOFs. Moreover, fluorinated
materials are potentially flame-retardant,>®*' which brings
extra benefits for safe storage, transportation, and practical
applications.”” Another limitation of MOFs in practical appli-
cations is that they are usually synthesized as powders.*
Recycling the MOF powder after use is challenging.**°

In this work, we used the bottom-up method to synthesize
four fluorinated UiO-66 (UiO stands for University of Oslo)
MOF analogs, including 1F-UiO-66, 2F-UiO-66, 1CF;-UiO-66,
and 2CF;-UiO-66. The introduction of fluorine-containing
functional groups enhances the hydrophobicity of MOFs. We
also investigated the factors influencing hydrophobicity in this
system. We found that the -CF; group contributes significantly
more to hydrophobicity than -F, and more fluorine-containing
functional groups lead to higher hydrophobicity. Among them,
2CF;-Ui0-66 exhibits the highest hydrophobicity, with a water
contact angle (WCA) as high as 145.9°, which can remove 3,5-
dichlorophenol (a model halogenated pollutant) from water
with a high efficiency of 92.2%. Thus, 2CF;-UiO-66 was used
for further evaluation. To make the 2CF;-UiO-66 recyclable for
oil-water separation, we prepared composites of 2CF;-UiO-66
particles with cotton (2CF;-UiO-66@CT) and sponge (2CF;-
UiO-66@SP). The resulting composite material 2CF;-
UiO-66@CT demonstrated superhydrophobicity (WCA > 150°)
with a WCA of 164.7°, achieving oil-water separation efficien-
cies of up to 99.66% for nine organic solvents through fil-
tration. Using gasoline and carbon tetrachloride as model sol-

This journal is © the Partner Organisations 2024

View Article Online

Research Article

vents, the water residues in the collected filtrates are as low as
0.009% and 0.008%, respectively, meeting the commercial
standard (Table 2, S8%). In addition, 2CF;-UiO-66@CT is flame
retardant compared to non-modified cotton. Due to the flexi-
bility of cotton, 2CF;-UiO-66@CT is suitable for oil-water sep-
aration via filtration. Alternatively, 2CF;-UiO-66 showed a
synergetic effect with the porous sponge backbone, 2CF;-
UiO-66@SP is good at oil-water separation via adsorption. For
example, the carbon tetrachloride adsorption capacity of 2CF;-
UiO-66@SP reached 141.52 g g '. With the assistance of a
pump, 2CF;-UiO-66@SP continuously collects oil above water.
In addition, the synthesized composite materials exhibit
strong solvent stability, mechanical stability, and reusability.

2. Experimental section
2.1. Materials and characterization

All the reagent-grade starting materials and solvents were used
without further purification as received from commercial sup-
pliers. PANalytical Empyrean diffractometer X-ray diffract-
ometer working at 40 kV, 40 mA was employed for the collec-
tion of ambient temperature. STA 449 F1 Jupiter was used to
conduct thermogravimetric analyses in the temperature range
of 25-700 °C under an argon atmosphere with a heating rate of
5 °C min~'. A Bruker Avance NEO spectrometer was used to
record 'H-NMR at 600 or 500 MHz, and °F-NMR at 565 or
470 MHz. Scanning electron microscopy images were collected
by a HITACHIS-4800 scanning electron microscope, and the
electronic acceleration voltage was 10 kV. UV-vis was tested in
the range of 600-200 cm™' on a Hitachi in Japan.
BOEN-85697E FT-IR spectrometer was used to record Fourier
transform infrared spectra in the range of 4000-500 cm™".
X-ray photoelectron spectroscopy was tested by Thermo
SCIENTIFIC ESCALAB 250Xi. Adsorption test of water vapor
and toluene vapor using static volumetric steam adsorption
meter ZQ100C. Contact angle experiments were performed
using the JC2000D1 instrument of Shanghai Zhongchen
Digital Technology Equipment Company Limited. Each test
droplet drop was 5 pL. The water content test was performed
on the Shanghai-Hezhou-AKF-1 plus instrument. The limiting
oxygen index was measured by using the JF-3 limiting oxygen
index meter of Nanjing Jiangning Analytical Instrument
Company.

2.2. Synthesis of fluorinated UiO-66

2.2.1. Synthesis of 1F-UiO-66. ZrCl, (0.0233 g, 0.1 mmol),
2-fluoroterephthalic acid (0.0184 g, 0.1 mmol), and benzoic
acid (0.0122 g, 0.1 mmol) were fully dissolved in DMF (4 mL)
in a kettle with polytetrafluoroethylene lining. The container
was sealed and heated to 100 °C for 24 h in an oven. Then, the
temperature was gradually lowered to 25 °C over 6 hours. The
white precipitate was collected by filtration and dried under
the vacuum. The fluorinated UiO-66, 1F-UiO-66, is obtained
with an 18% yield.
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For a detailed synthesis and characterization of 2F-UiO-66,
1CF;3-Ui0O-66, and 2CF;-UiO-66, see ESL.{

2.3. Fabrication of 2CF;-UiO-66 devices

2.3.1. Pretreatment of cotton and sponge. Cotton is cut to
1.5 x 1.5 x 0.5 cm size and washed thoroughly with ethanol
(5 mL). Then, the cotton was dried in an oven at 75 °C for 6 h
(Fig. S367). The sponge is cut to 1.0 x 1.0 x 2.0 cm, and the
remaining steps are the same as cotton (Fig. S377).

2.3.2. Synthesis of 2CF;-UiO-66@CT/SP. ZrCl, (0.0233 g,
0.1 mmol), 2,5-bis(trifluoromethyl)terephthalic acid (0.0302 g,
0.1 mmol), and benzoic acid (0.0122 g, 0.1 mmol) were com-
pletely dissolved in DMF (6 mL/8 mL) in a reaction kettle lined
with polytetrafluoroethylene containing. The pretreated
cotton/sponge was immersed in the solution. The reaction
kettle was sealed and heated to 100 °C for 24 hours in an oven.
Then, the reaction was programmablely cooled down to 25 °C
within 6 hours. Then, the cotton/sponge composite materials
were washed with ethanol to remove excess MOFs on the
surface and dried under vacuum (Fig. S36 and S377).

The loading capacity percentage of 2CF;-UiO-66 on cotton/
sponge was calculated according to the following equation:

Loading capacity percentage = (M, — M;)/M; x 100% (1)

M, is the dried weight of cotton/sponge, and M, is the dried
weight of the 2CF;-UiO-66@CT/SP composites. The loading
capacity of 2CF;-UiO-66@CT/SP is calculated as 27%/24%.

2.4. Oil adsorption test of 2CF;-UiO-66@CT/SP

Place the 2CF;-UiO-66@CT/SP composite materials on top of
the clean 5 mL syringe and compress it firmly to fully obstruct
the syringe needle. As various oil compounds are introduced
into the syringe, the composite material’s lipophilicity will
adsorb the oil. Once saturated, any surplus oil will discharge
from the syringe, facilitating the determination of the compo-
site material’s adsorption capacity. The calculation formula is
as follows:

Adsorption capacity = (M»/M;) x 100% (2)

M, and M, are the weights of 2CF;-UiO-66@CT/SP composites
before and after oil adsorption, respectively.

2.5. Oil-water separation device by gravity method

The 2CF;-UiO-66@CT/SP composite material is placed on the
top of the clean 5 mL syringe and compacted to ensure that
the needle part of the syringe is completely blocked by the
composite material so that a simple oil-water separation
device is prepared and fixed on the iron platform. Mix the oil
and water phases 4 mL and 3 mL, respectively, and slowly pour
the mixed solution into the oil-water separation device. The
oil phase flows into the beaker through the composite
material, and the water phase is isolated in the device. The
separation efficiency is calculated according to water, and the
formula is as follows:

Separation efficiency = (M,/M;) x 100% (3)
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M, and M, is the weight of the aqueous solution before and
after oil-water separation, respectively.

3. Results and discussion

We first designed and synthesized a series of fluorinated ter-
ephthalic acids (structures shown in Fig. 1b-e. See ESI} for
their synthesis and characterization, Schemes S1-S41) as
ligands to construct UiO-66 MOFs. These fluorinated ligands
include 2-fluoroterephthalic acid (1F-BDC), 2,6-difluoroter-
ephthalic acid (2F-BDC), 2-trifluoromethylterephthalic acid
(1CFs-BDC), and 2,5-bis(trifluoromethyl)terephthalic acid
(2CF;-BDC). The corresponding UiO-66 MOFs were obtained
using a solvothermal method by mixing the corresponding
ligands and ZrCl, in DMF at 100 °C for 24 h (Fig. 1b-e, with an
emphasis on the representative fluorinated moiety in the MOF
structure). The synthesized MOFs were named after the
ligands 1F-UiO-66, 2F-UiO-66, 1CF;-UiO-66, and 2CF;-UiO-66,
respectively. The morphology and particle size of the four pre-
pared MOFs were characterized by scanning electron
microscopy (SEM). The nanoparticles have a similar size of
200 nm and form clusters (Fig. S14t). Powder X-ray diffraction
(PXRD) patterns indicate the four MOFs are crystalline and
structurally similar to UiO-66 (Fig. 1k).>° Fourier transform
infrared (FT-IR) spectra suggested the presence of character-
istic C-F bond with peaks at 1070-1015 cm™" for the fluori-
nated MOFs (Fig. S17t). X-ray photoelectron spectroscopy
(XPS) results show the characteristic peak of F1s at 687.0 eV
nearby (Fig. S18-S21%). These results demonstrate that the
fluorinated ligands coordinated with Zr nodes, forming the
UiO-66 topology.

After the structural characterization of the fluorinated
UiO-66 MOFs, we next evaluated their hydrophobicity. We
initially observed that all of the four prepared fluorinated
UiO-66 MOF powders floated on the surface of the water
(Fig. S227). In contrast, the non-fluorinated UiO-66 quickly
settled at the bottom, indicating that it is less hydrophobic
than its fluorinated analogs. To systematically study the influ-
ence of the types and quantities of fluorinated functional
groups on the hydrophobicity of the fluorinated UiO-66 MOFs,
we conducted WCA measurements on the fluorinated MOF
powders. The results showed that water droplets wet UiO-66
(Fig. 1f), 1F-UiO-66 (Fig. 1g), and 2F-UiO-66 (Fig. 1h). In con-
trast, the WCA of 1CF;-UiO-66 and 2CF;-UiO-66 reached 139.5°
and 145.9°, respectively (Fig. 1i and j). Compared to -F, the
-CF; functional group imparts greater hydrophobicity to the
MOFs. In addition, as the number of fluorinated functional
groups on the ligands increased, and fluorinated MOFs
became more hydrophobic. In comparison, organic solvents
such as dichloromethane, chloroform, carbon tetrachloride,
toluene, petroleum ether, n-hexane, hexadecane, kerosene, and
gasoline wet 1CF;-UiO-66 and 2CF;-UiO-66 effectively
(Fig. S257). Inspired by the wettability performance of 1CF;-
UiO-66 and 2CF;-UiO-66 with water and organic solvents, we
hypothesized that they are promising candidates for removing

This journal is © the Partner Organisations 2024
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Fig. 1 (a—e) Schematic representation of the synthesis of UiO-66, 1F-UiO-66, 2F-UiO-66, 1CF3-UiO-66, and 2CF3-UiO-66. (f—j) Contact angle

measurements via images of a water droplet on the surface of UiO-66, 1F-

UiO-66, 2F-UiO-66, 1CF3-UiO-66, and 2CF3-UiO-66. (k) PXRD profiles of

experimental data of UiO-66, 1F-UiO-66, 2F-UiO-66, 1CFs-UiO-66, and 2CF3-UiO-66 and the simulated data of UiO-66. () UV-vis adsorption
spectra of 3,5-dichlorophenol aqueous solution (300 ppm) before and after treatment with 1CF3-UiO-66 or 2CF3-UiO-66. (m) Water adsorption iso-

therms for UiO-66 and 2CF3-UiO-66.

lipophilic organic pollutants from water. Thus, the adsorption
capacity of 1CF;-UiO-66 and 2CF;-UiO-66 was compared. A
model halogenated organic pollutant, 3,5-dichlorophenol,
was dissolved in deionized water as a 300 ppm solution. 10 mg
of 1CF;-UiO-66 or 2CF;-UiO-66 was mixed with 15 mL of the
3,5-dichlorophenol solution and subjected to ultrasonication
for 2 h. The adsorption efficiency was measured using ultra-
violet-visible (UV-vis) spectroscopy, with 1CF;-UiO-66 and
2CF;-Ui0-66 achieving 74.1% and 92.2% removal efficiency for
3,5-dichlorophenol, respectively. Consequently, the residual
3,5-dichlorophenol concentration decreased to 77.7 and
23.4 ppm after treatment with 1CF;-UiO-66 or 2CF;-UiO-66
(Fig. 11). This demonstrates that 2CF;-UiO-66 has better

This journal is © the Partner Organisations 2024

adsorption efficiency than 1CF;-UiO-66 toward organic
pollutants.

We also characterized the water vapor adsorption and
toluene vapor adsorption of UiO-66 and 2CF;-UiO-66
(Fig. S281). The results show that the adsorption amounts of
water vapor (Fig. 1m) and toluene vapor (Fig. S29d}) by 2CF;-
UiO-66 are significantly lower than those by UiO-66 due to the
occupation of void space by -CF; groups. Generally, if the
interaction between gas molecules and MOFs is strong, the gas
will be more easily captured at low concentrations. In other
words, in the adsorption curve, a gas with strong interaction
will exhibit a steep increase at a lower relative pressure (p/po).
Both UiO-66 and 2CF;-UiO-66 can cause toluene to fill or

Inorg. Chem. Front,, 2024, 11, 5636-5647 | 5639
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condense in the pores at relatively low vapor pressures (p/po <
0.1).>>> However, at ultra-low saturated vapor pressures, 2CF;-
UiO-66 shows a higher adsorption capacity for toluene than
UiO-66. Correspondingly, in the adsorption of water vapor,
UiO-66 begins to fill rapidly at p/p, = 0.2, while the adsorption
curve of 2CF;-UiO-66 does not become steep until p/p, = 0.35.
These results indicate that both UiO-66 and 2CF;-UiO-66 are
hydrophobic materials, but the hydrophobicity/lipophilicity of
2CF;-Ui0O-66 is significantly stronger than that of UiO-66.

From UiO-66 to 2CF;-UiO-66, the enhancement of hydro-
phobicity is attributed to the lower surface energy of fluorine-
containing compounds. Previous studies have reported that
the surface energy of compounds containing -CF; is lower
than that of compounds containing -F.>* We further calculated
the free solvent energy of the ligand molecules terephthalic
acid (BDC), 1F-BDC, 2F-BDC, 1CF;-BDC, 2CF;-BDC using water
and the organic solvent octanol through computer
simulation®*> (for the specific calculation methods, please
refer to the ESIf). Based on the results, we further calculated
the octanol-water partition coefficient. As shown in Table 1,
the 102 (Poctanol/Pwater) Of BDC, 1F-BDC, 2F-BDC, 1CF;3-BDC,
and 2CF;-BDC increased, indicating that the hydrophobicity
increased. Therefore, the most hydrophobic 2CF;-UiO-66 is
more conducive to oil-water separation, which is consistent
with the experimental results.

We chose 2CF;-UiO-66 for further stability evaluation.
MOFs are commonly limited in practical applications due to
their instability,>®>® while UiO-66 is well known for its out-
standing stability.>®® To test the stability of 2CF;-UiO-66, it
was soaked in various solvents such as N,N-dimethyl-
formamide (DMF), N,N-dimethylacetamide (DMA), toluene,
n-hexane, dichloromethane (DCM), ethanol, methanol, and
water for 24 h. The PXRD patterns showed no significant
changes compared to that of the freshly prepared 2CF;-UiO-66
sample (Fig. S30-S32%). Furthermore, 2CF;-UiO-66 exhibited
good stability under both acidic and basic aqueous conditions.
After being soaked in aqueous solutions with various pH levels
(ranging from 1 to 14) for 24 h, the PXRD patterns of 2CF;-
Ui0-66 remained unchanged (Fig. S337). The thermal stability
of 2CF;-UiO-66 was investigated by thermogravimetric analysis.
2CF;-UiO-66 started to decompose at 320 °C under an argon
atmosphere (Fig. S34t). These stability evaluations of 2CFs;-
UiO-66 confirm its durability for applications in various
environments.

To address the challenge that MOFs particles are difficult to
recycle in practical separation applications, we next attempted
to fabricate 2CF;-UiO-66 composite materials. We chose the
fibrous cotton and porous sponge as MOFs carrier candidates.
As illustrated in Fig. 2a, a piece of the cotton sheet (1.5 mm X

Table 1 The liquid-water partition coefficients of different ligands

Ligands BDC 1F-BDC 2F-BDC 1CF3;-BDC 2CF;3;-BDC

10g(Poctanol/Puater) 023 0.37 0.41 0.87 1.52
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1.5 mm) was added to our MOFs synthesis reaction vessel with
the 2CF; ligands, ZrCl,, and DMF. Upon heating at 100 °C for
24 h, we obtained the composite material, 2CF;-UiO-66@CT,
with a 2CF;-UiO-66 mass loading of 27%. SEM images of the
2CF;-UiO-66@CT showed that 2CF;-UiO-66 nanoparticles were
evenly distributed on the surface of cotton fibers with a dia-
meter of ~200 nm (Fig. 2b and c). Elemental mapping results
(Fig. 2d) are consistent with the SEM observations. PXRD pat-
terns of 2CF;-UiO-66@CT showed characteristic peaks of
UiO-66 at 7.34° and 8.52° and broad peak of cotton at 5°-10°,
14°-18° and 21°-25° (Fig. 2e), suggesting the successful incor-
poration of 2CF;-UiO-66 on cotton. Additionally, the hydroxyl
groups on the surface of cotton fibers are proposed to coordi-
nate with the metal sites of MOFs to enhance the stability of
the composites.®’”® FT-IR characterization (Fig. S441) shows
the peak intensity of the ~OH band at 3430 cm™" of 2CF;-
UiO-66@CT is significantly decreased compared to that of
cotton, which demonstrates the formation of coordination
between the metal Zr and -OH groups.®* The WCA of 2CF;-
UiO-66@CT is 164.7° (Fig. 2f), qualifying a superhydrophobic
material (WCA > 150°).°> Moreover, water droplets roll
smoothly on an inclined (30°) 2CF;-UiO-66@CT sample
without leaving any traces (Fig. 2g). When 2CF;-UiO-66@CT
contacts water in a beaker, it floats on the surface and cannot
be wet (Fig. 2h). All these results indicate that 2CF;-
UiO-66@CT is superhydrophobic.

2CF;3-UiO-66@CT was then tested for oil-water separation
via filtration. We assembled an oil-water separation apparatus
using 2CF;-Ui0-66@CT and a syringe. 2CF;-UiO-66@CT was
plugged at the bottom of a 5 mL syringe. Water (3 mL, contain-
ing 10 mM methylene blue indicator for visualization) was
added to the syringe. Water was trapped above 2CF;-
UiO-66@CT due to its superhydrophobic nature (Fig. S53at).
When water is pressed on the 2CF;-UiO-66@CT surface, its
surface exhibits the mirror-like reflection characteristic of
superhydrophobic materials (Fig. 3a). This phenomenon is
due to a layer of air mixed between the superhydrophobic
surface and the water interface. Subsequently, nine organic
solvents (4 mL, containing 10 mM Sudan I indicator) were
mixed with water (3 mL) and used to evaluate the oil-water
separation efficiency. To demonstrate the versatility of oil-
water separation via filtration using 2CF;-UiO-66@CT, we
chose six representative solvents with a density smaller than
water (gasoline, kerosene, hexadecane, n-hexane, petroleum
ether, and toluene) and three with a density heavier than water
(carbon tetrachloride, chloroform, and dichloromethane). The
organic solvent and water mixture were poured into the fil-
tration setup with a 2CF;-UiO-66@CT plug. All tested organic
solvents passed through 2CF;-UiO-66@CT and were collected
in a beaker while the water was retained in the syringe
(Fig. 3b). Using this filtration method, the separation
efficiency of these organic solvents and water is up to 99.66%
(Fig. 3c). After separation by 2CF;-UiO-66@CT, the water
content in gasoline and carbon tetrachloride was reduced to as
low as 0.009% and 0.008%, respectively (Table 2, S87). The iso-
lated organic solvents from the water mixture using 2CF;-

This journal is © the Partner Organisations 2024
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Fig. 3 (a) Images of 2CF3-UiO-66@CT separation device after adding 1 mL of deionized water (b) images of oil-water separation process using
2CF3-UiO-66@CT. Organic solvent (4 mL, containing 10 mM of Sudan | indicator for visualization) was mixed with deionized water (3 mL). The
organic solvent could pass through 2CF3-UiO-66@CT while water was trapped. (c) The separation efficiency of different organic solvents and water
using 2CF3-UiO-66@CT.
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Table 2 The water content of gasoline after oil-water separation

Water content

No. Sample (%)

1 No. 92 gasoline 0.0096

2 The mixed solution was separated once by 0.0086
2CF;-UiO-66@CT material

3 The mixed solution was separated ten times by  0.0066

2CF;-UiO-66@CT material

UiO-66@CT meet the commercial grade standard, highlighting
its promising application in oil-water separation. Besides the
separation efficiency, another possible concern in oil-water
separation applications is the filtration rate. In a test run to
separate dichloromethane from water (165 mm), the average
filtration rate reached 10.87 cm® s~ (Fig. S$57%). The result
indicates that 2CF;-UiO-66@CT has excellent permeability for
organic solvents.

The flame retardancy of materials is also very important in
the transportation and preservation of materials. We compared
the flame retardancy of uncoated cotton and 2CF,-UiO-66@CT
using a flame combustion method. The uncoated cotton is
highly flammable and continued burning after the flame
source was removed, leaving a black charred residual (Fig. 4a).
Even if the backside of the cotton was not lit, it still changed
color (Fig. 4d and e). In comparison, we attempted to ignite
the 2CF;-UiO-66@CT with a lighter from the corner. Due to
the surface coating of the flame-resistant 2CF;-UiO-66, 2CF;-
UiO-66@CT did not catch on fire. Once the fire source was
removed, the flame self-extinguished within 1 second (Fig. 4b).
Only the part exposed to the flame turned black (Fig. 4f), and
the majority of 2CF;-UiO-66@CT kept its original shape and
color (Fig. 4g). To further test the flame retardancy of 2CF;-
UiO-66@CT, we fully exposed one side to fire, but the backside

(a)
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remained unchanged (Fig. 4c and h-i), which proves the excel-
lent flame retardancy of the 2CF;-UiO-66@CT composite. To
quantify the flame retardancy of 2CF;-UiO-66@CT, we
measured and compared its limiting oxygen index (LOI) with
that of cotton. According to GB/T 5454-1997, the composite
cotton material was prepared with a size of 58 mm x 150 mm.
The LOI of uncoated cotton is 18.5%, while the LOI of 2CF;-
UiO-66@CT is improved to 23.5% (Table S971), indicating that
2CF;-UiO-66 and natural cotton fiber composite can effectively
improve the flame-retardant ability of cotton. The oxygen
content in the natural air is about 19%. In practical appli-
cations, composite cotton fiber can play its flame retardant
fruit and effectively reduce economic losses. These results
demonstrate the excellent flame retardant property of 2CF;-
UiO-66@CT, which is beneficial for its practical storage, tran-
spiration, and applications.

Using a similar one-pot synthetic method, 2CF;-UiO-66 and
sponge composites (2CF;-UiO-66@SP) were successfully pre-
pared with a MOF mass loading of 24% (Fig. 5a). Similar to
the size of 2CF;-UiO-66 particles on 2CF;-UiO-66@CT, SEM
images of 2CF;-UiO-66@SP (Fig. 5b and c) revealed that 2CF;-
UiO-66 particles with a diameter of 200 nm were uniformly
coated on the surface of the sponge. Elemental mapping data
and EDX confirmed the presence of 2CF;-UiO-66 on the
sponge (Fig. S411). PXRD patterns (Fig. 5d) exhibited sharp
characteristic peaks at 7.34° and 8.52° from 2CF;-UiO-66 and
broad peaks (5°-10° and 18°-25°) from the sponge. These
characterizations indicated the successful synthesis of 2CF;-
UiO-66@SP. 2CF;-UiO-66@SP is superhydrophobic with a
WCA of 162.0° (Fig. S46bt). Compared with 2CF;-UiO-66@CT,
2CF;-UiO-66@SP has a porous sponge substrate, making it
suitable for oil-water separation via adsorption. The adsorp-
tion capacity of 2CF;-UiO-66@SP for nine representative
organic solvents (gasoline, kerosene, hexadecane, n-hexane,
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Fig. 4 Burning state of cotton kindling (a) and 2CF3-UiO-66@CT igniting part (b) and igniting whole side (c); the morphology of 2CF3-UiO-66@CT
ignition surface and unignited surface of cotton (d and e) and combustion part (f and g) and combustion whole side (h and i).
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Fig. 5 (a) Schematic representation of the synthesis of 2CF3-UiO-66@SP (b) SEM image of sponge. (c) SEM image of 2CF3-UiO-66@SP. (d) PXRD
experimental data of 2CF3-UiO-66@SP, sponge, 2CF3-UiO-66, and UiO-66. (e) The adsorption capacity of 2CF3-UiO-66@SP for different solvents.
(f) Images of automatic light oil (dyed with Sudan 1) adsorption device and its separation process using 2CFz-UiO-66@SP.

petroleum ether, toluene, carbon tetrachloride, chloroform,
and dichloromethane) fell in the range from 64.15 to 141.52 g
g~ (Fig. 5e). It is comparable to the highest value reported in
the literature (Table S13t). We proposed that such a high
adsorption capacity is attributed to the synergistic effect of
hydrophobic 2CF;-UiO-66 nanoparticles and the porous
sponge. In sharp contrast, due to the superhydrophobic nature
of 2CF;-UiO-66@SP, its adsorption capacity for water is only
0.15gg "

We aimed to apply 2CF;-UiO-66@SP in oil-water separation
via anti-gravity adsorption (Fig. S58f). Carbon tetrachloride
(1.5 mL) and water (6 mL) were added to a test tube. 2CF;-
UiO-66@SP was added and pushed to the bottom.
Immediately (within 2 seconds), we observed that the carbon
tetrachloride was completely adsorbed upward by 2CF;-
UiO-66@SP. Because of the superhydrophobicity of 2CF;-
UiO-66@SP, carbon tetrachloride was separated from water
and collected in a beaker. Inspired by the outstanding adsorp-
tion capacity of 2CF;-UiO-66@SP toward non-polar organic sol-

This journal is © the Partner Organisations 2024

vents, we designed another setup for automatic light oil
adsorption and separation (Fig. 5f). 2CF;-UiO-66@SP was con-
nected to a mechanical pump through a hose. To simulate the
scenario of the light oil spill, light oil (10 mL) and water
(10 mL) were mixed in a beaker. 2CF;-UiO-66@SP was then
added, and it was suspended at the interface of water and light
oil. 2CF;-UiO-66@SP rapidly adsorbed the light oil, and the
adsorbed oil was pumped and collected in a clean beaker. The
model setup demonstrated the great potential of 2CF;-
UiO-66@SP in the separation of light oil and water, rendering
2CF;-UiO-66@SP as a promising material for oil-water separ-
ation via adsorption.

In addition, we evaluated the stability of composite
materials. 2CF;3-UiO-66@CT and 2CF;-UiO-66@SP were soaked
in various solvents (kerosene, toluene, and carbon tetra-
chloride) and boiling water. The characteristic peaks of 2CF;-
UiO-66 were still observed after the soaking test (Fig. S59 and
S601). We have also performed the mechanical stability of
2CF;-Ui0-66@CT and 2CF;-UiO-66@SP characterizations,
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including compression, stretching, and abrasion tests. After
the mechanical treatment, there is no significant mass loss
(Table S10%), and the PXRD patterns showed no significant
changes compared to the original 2CF;-UiO-66 composites
(Fig. S667). In addition, the oil-water separation efficiency has
not changed much either for both 2CF;-UiO-66@CT and 2CF;-
UiO-66@SP (Fig. S6771). All these results indicate the high
stability of 2CF;-UiO-66 composites. The durability of 2CF;-
UiO-66@CT was also investigated. After repeating the filtration
cycle twenty times with carbon tetrachloride, the PXRD pat-
terns (Fig. S68t) showed no significant changes and the separ-
ation efficiency of 2CF;-UiO-66@CT has not significantly
decreased (Fig. S697).

4. Conclusions

In summary, we synthesized four fluorinated UiO-66 MOFs
and demonstrated their potential applications in the adsorp-
tion of organic pollutants and oil-water separation. By com-
paring their water contact angle, vapor sorption, and the 3,5-
dichlorophenol removal efficiency in water, we concluded that
MOFs containing -CF; groups are significantly more hydro-
phobic than those containing -F. When the type of fluorine-
containing functional group is the same, more fluorine substi-
tuents result in increased hydrophobicity. Additionally, an
in situ synthetic method to prepare 2CF;-UiO-66@CT and
2CF;-UiO-66@SP composite materials was described. 2CF;-
UiO-66@CT is superhydrophobicity and promising for oil-
water separation via filtration with separation efficiencies
exceeding 99%. Notably, the water content in the separated
gasoline and carbon tetrachloride using 2CF;-UiO-66@CT was
below 0.01%, meeting the standard of commercial reagents.
Furthermore, 2CF;-UiO-66@CT exhibits good flame retar-
dancy. Compared to 2CF;-UiO-66@CT, 2CF;3-UiO-66@SP
demonstrated excellent synergistic effects of the hydrophobic
2CF;-Ui0-66 and porous sponge. 2CF;-UiO-66@SP with an
adsorption capacity of 141.52 g g~* for carbon tetrachloride.
To the best of our knowledge, this is one of the highest values
for similar materials regarding organic solvent adsorption
capacity.®® Combined with the conventional mechanical pump
method for oil spill cleanup, 2CF;-UiO-66@SP showed promis-
ing results for the oil-water separation via anti-gravity adsorp-
tion. In addition, 2CF;-UiO-66@CT and 2CF;-UiO-66@SP show
excellent solvent resistance and mechanical stability. We
believe that fluorinated MOFs are promising materials for
organic pollutant adsorption, superhydrophobic surface
coating, and oil-water separation. They are potential solutions
for marine oil spill cleanup. We also hope that our work will
inspire the fabrication of novel MOF-based devices.
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