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ABSTRACT

Zirconium-based metal-organic frameworks (MOFs) have attracted interest due to their chemical
and thermal stability and structural tunability. In this work, we demonstrate the tuning of the
wettability of UiO—66 structure via defect-engineering for efficient oil/water separation. UiO—66
crystals with controlled levels of missing-linker defects were synthesized using a modulation

approach. As a result, the hydrophilicity of the defect-engineered UiO—66 (d—UiO—66) can be
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varied. In addition, a thin layer of hydrophilic d-UiO—66 was successfully fabricated on a series
of stainless steel meshes (d—UiO—66@mesh), which exhibited excellent superhydrophilic and
underwater superoleophobic properties and displayed interesting separation performance for

various oil/water mixtures.

INTRODUCTION

Metal-organic frameworks (MOFs) are a class of crystalline nanoporous materials constructed
by self-assembly of metal-containing inorganic clusters and organic ligands.'* They have attracted
widespread interest because of the tunability of their porous lattice architectures.** The porous
crystalline character of MOFs has made them promising for potential applications in various areas,
including biology,’ chemistry,® engineering,” and energy storage.® Although the majority of studies
of MOFs regarded them as having ideal crystal structures,’ synthesized MOFs always contain
varieties of structural irregularities or defects.!” These defects may be negligible in some cases.
However, they can have a profound impact on both physical and chemical properties of MOFs and
impact the overall performances in many applications.!! Defects do not necessarily mean adverse

influence. In fact, some regulated defects have been shown to positively influence the catalytic
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activity,'?'* adsorption selectivity,'>!'® or decontamination capabilities'”!® of various MOFs.!? 13

Defect engineering, which refers to rational control over the structure, density, size or shape,
and chemistry of defects, is an exciting concept for tuning specific properties desired in MOF
materials.'” This approach opens up opportunities for further manipulating MOFs performance in
a wide range of targeted applications, such as CO» adsorption®” and catalysis.>! Approaches to the

engineering control of defects in MOF structures include acid/base post-synthetic treatment** and



co-assembly of mixtures of ligands/ligand fragments strategy,?* which is a more straightforward
procedure as it creates defects in MOF structures in the course of crystallisation. Fundamentally,
the latter strategy involves using isostructural mixed linkers>* or heterostructural mixed linkers?
to obtain mixed-linker MOFs. One well-studied example is the modulation approach, where
monocarboxylate modulators (e.g. acetic, formic, or trifluoroacetic acid) are utilized as truncated
linkers to promote defect formation in the Zr-terephthalate UiO—66.2°2® These modulators can
directly compete with the dicarboxylate linkers during the crystallisation process. As a result, the
parent linkers in the ultimate framework are partially replaced by these modulators.? By applying
the modulated synthesis route, a series of UiO—66 structures have been successfully prepared with
different defect size, density and configuration in the structure. Interestingly, some defective

UiO—66 crystals (d—UiO—66) have displayed significantly enhanced performance in a range of
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applications, such as catalysis, gas adsorption,®! and molecular-sieving.>> However, very
limited progress has been reported in using the above-mentioned defect MOF crystals in liquid

separations.

Generation of oily wastewater from domestic activities, petrochemical industries, and oil spills
has become a severe threat to the global ecosystem and human health.*> Water remediation is,
therefore, of significant importance to the modern society.* In recent years, the development of
scalable and energy-saving techniques, particularly those involving novel advanced separation
materials, for the efficient treatment of oil-contaminated water has attracted extensive attention. A
new category of biomimetic materials with unique wetting properties became an effective and
facile approach to achieve efficient oil/water separation.* 37 For example, inspired by the unique
underwater oil-repellent properties of fish scales, materials with underwater superoleophobic

surfaces were prepared and successfully applied to oily wastewater treatment.>® 4



In this work, we demonstrate the tuning of the hydrophilicity of MOF crystals via defect
engineering for efficient oil/water separations. The Zr-based MOF UiO—66 was employed in this
study due to its hydrothermal and chemical stability.*'™ A modulation-based approach was
applied to generate missing linker or cluster defects in the UiO—66 framework.?®3! The resulting
defect-engineered UiO—66 (d—UiO—66) showed enhanced hydrophilicity compared to the parent
UiO—-66. The defective, hydrophilic d—UiO—66 was then successfully coated onto a series of
polydopamine (PDA) coated stainless steel meshes.** The d—UiO—66 mesh films exhibited
interesting superhydrophilic and underwater superoleophobic properties and achieved efficient oil
removal from aqueous solutions. Moreover, they showed excellent structural stability after either

3-month soaking in water or 50 cycles of oil/water separation.

EXPERIMENTAL SECTION

Modulated synthesis of UiO—66s (d—UiO—66)

Parent “defect-free” UiO—66 crystals were prepared from a clear solution with a molar ratio of
ZrClys (Sigma-Aldrich, =99.9% trace metals basis): H,BDC (BDC = benzene-1,4-dicarboxylate,
Sigma-Aldrich, 98%): DMF (Sigma-Aldrich, anhydrous, 99.8%) = 1:1:500 (or 0.159 g: 0.114 g:
24.9 g according to the weight ratio).* For the preparation of defective UiO—66 crystals
(d—Ui0—66), acetic acid (Sigma-Aldrich, =99%) was added as the modulator. The following
recipes were used: ZrCls: HOBDC: DMF: Acid (acetic acid) = 1: 1: 500: x (x = 15, 30, or 70 in
terms of molar ratio). The mixture solution was transferred to a stainless steel autoclave and then
heated to 150 °C for 24 h. The product was washed with fresh DMF by repeated centrifugation

and then dried in the oven overnight at 80 °C. The defective UiO—66 samples synthesized in this

work were denoted as d—UiO—66_1 (x = 15), d-UiO—-66 2 (x = 30), and d—UiO—66 3 (x = 70),



respectively. Parent UiO—66 was prepared with a molar ratio of 1 ZrCls: 1 H.BDC: 500 DMF. The
mixture was heated to 200 °C and kept for 48 h in order to complete the crystallization. The product

was washed with fresh DMF repeatedly and then dried at 80 ‘Covernight. All samples were then

stored in a drying desiccator cabinet before use.

Fabrication of d—UiO—66 coated mesh

A series of stainless steel meshes (US mesh size 50, 150, 270, 325, 400, 500 and 600) were
ordered from Direct Metals Company, LLC and then cleaned adequately in ethanol and water
before use. In a typical synthesis of UiO—66 on mesh 400 (aperture size 37 um), a piece of pre-
cleaned mesh was first coated with a thin layer of polydopamine (PDA) by following the
procedures as described in previous work.* The PDA-coated mesh was then placed vertically in a
45 mL Teflon-lined stainless steel autoclave and immersed into a 25 mL synthesis solution with a
molar ratio of ZrCls: H,BDC: DMF: Acid (acetic acid) = 1: 1: 500: y (y = 15, 30, or 70) and then
heated to 150 °C for 6 h, 24 h, and 48 h. The as-synthesized stainless steel mesh film was then

washed with DMF at least 3 times and denoted as d—UiO—66(@mesh number.

Oil-water separation experiments

The UiO—66@mesh films were placed securely in a homemade separation device (Figure S1)
and fixed with two foldback clips in the middle. A mixture of water and oil with a volume ratio of
50:50 was poured directly onto the mesh surface. In this study, n-hexane (Sigma-Aldrich,
anhydrous, 95%), n-decane (Sigma-Aldrich, anhydrous, =99%), Soybean oil (Princes Ltd),

cyclohexane (Sigma-Aldrich, anhydrous, 99.5%), chloroform (Sigma-Aldrich, =99.5%) and n-

heptane (Sigma-Aldrich, =99%) were ordered and used without further purification. The oils were



dyed with oil red O for clear observation, and the permeated liquid was collected in a beaker with
a scale placed at the bottom. The whole separation process was driven solely by gravity without

applying external pressure.

Characterization

Powder X-ray diffraction (PXRD) patterns were recorded on a PANalytical X-ray diffractometer
with a Cu Ka X-ray source (A = 1.5418 A). PXRD diffractograms were collected in a 20 range of
5 — 50° under ambient conditions. Scanning electron microscopy (SEM) images were taken on a
Zeiss Ultra60 Field Emission Scanning Electron Microscope. Nitrogen adsorption measurements
at 77 K were performed using a Quadrasorb system from Quantachrome Instruments. Specific
surface areas of the samples were determined using the BET model with the relative pressure (P/Po)
in the range of 0.005 — 0.03. Water adsorption isotherms at 298 K and 1 bar were obtained using
an IGA—003 microbalance from Hiden Isochema. Dry air was employed as the carrier gas, and the
relative humidity (RH) was controlled by adjusting the ratio of the saturated air and the dry air
through mass flow controllers. Thermogravimetric analysis (TGA) of the samples were performed
using ETZSCH STA 449 F1 Jupiter instrument. The curves were obtained under helium with a

flow rate of 20 mL min™!

, a temperature range of 25 — 800 °C, and a heating rate of 5 °C/min.
Contact angle measurements were carried out using a ramé-hart goniometer (model—250). A 22
gauge needle was used to squeeze a drop of water or oil onto the flat mesh surface, and the images
were captured within one minute. UiO—66 pellets were prepared by adding ~0.2 g of the powder

into the Clarke Strong-Arm and pressing the powder under a pressure of ~1000 psi for 1 minute to

form a pellet.



Multiple UiO—66 structures were optimized with spatially-periodic Density Functional Theory
(DFT) calculations (more details in Supporting Information). Zero-loading heats of adsorption for
H>O in defect-free and defective UiO—66 were simulated using classical force fields with Grand

Canonical Monte Carlo (GCMC) simulations (more details in Supporting Information).

RESULTS AND DISCUSSION

Modulated synthesis of UiO—66 crystals and their hydrophilicity

UiO—-66 crystals with different densities of defects were prepared following a modulated
synthesis route by using acetic acid as the modulator. A schematic model of the defect formation
process in UiO—66 framework is presented in Figure la. The UiO—66 structures shown in this
figure were optimized by Density Functional Theory calculations with periodic models performed
in the Vienna Ab initio Simulation Package (VASP) (Supporting Information). In ideal UiO—66
crystals, each Zr metal center is coordinated by 12 organic linkers (Figure 1a, top-left structure).*
In the synthesized UiO—66 crystals, missing-linker defects inevitably exist inside the framework.
This has been unambiguously confirmed previously with high-quality neutron diffraction
measurements.*> For some MOFs, a missing linker would possibly lead to pore collapse issues
inside the crystal structure.*> UiO—66 is more tolerant to the missing-linker defects due to its high
metal-ligand connectivity®®. Therefore, the missing-linkers in the UiO—66 structure can result in
linker vacancies without significantly disrupting the original framework topology (Figure 1a, top-
right structure). Missing-linker defect formation in UiO—66 can be promoted by introducing the
acetic acid modulator because the acetic acid would act as the defect-compensating ligand to

compete with the linkers. In the resulting defective crystal framework, linkers would be partially



substituted by the deprotonated acetic acid modulator (acetate), while positive charges on the open

metal sites

would be balanced by terminal groups, such as —OH groups.*® It has also been reported that the
linker vacancies (thus the open metal sites) can be systematically varied by varying the acetic acid
to carboxylate ligand ratio in the synthesis solution. The defectivity of the crystals was found to
increase systematically and dramatically as the concentration and/or acidity of the modulator was
increased.?® This suggests that the density of —OH groups in UiO—66, and therefore, its

hydrophilicity can be tuned via the modulation synthesis.
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Figure 1. (a) Illustration depicting missing-linker defect formation in the UiO—66 structure. (b)
Water contact angle of the parent UiO—66. Scale bar, 1 mm. (c) Dispersibility of UiO—66 samples
synthesized with different concentrations of acetic acid in a immiscible hexane/water mixture
(40/60, v/v. (d) Water contact angle of the d—UiO—66 2. Scale bar, 1 mm. z and »n denote the
number of missing linkers and capping water or -OH groups, respectively.



To study their wetting properties, parent UiO—66 with minimal defects and its defective
analogues (d—UiO—66s) were prepared via modulation synthesis. As-synthesized powders were
firstly dispersed separately in a 40/60 (v/v) hexane/water mixture (Figure 1¢). The parent UiO—66
appeared in both oil and aqueous phases as well as at the oil-water interface (Figure 1c, first vial
from the left). When a small amount of acetic acid (77acetic acia/7z- 18 15) was used in the modulation
synthesis, the majority of the resulting crystals were strongly attracted to oil-water interfaces,
forming a thin layer of metastable oil and water emulsions (Figure 1c, second vial from the left).
The UiO—-66 crystals with further increased framework defect densities (7acetic acid/nze = 30),
appeared only in the bottom aqueous phase and exhibited excellent dispersibility (Figure 1c, third

and fourth vials from the left), indicating a further increase in hydrophilicity.

The surface wettability of defective UiO—66 pellets was also analysed using a contact angle
goniometer. When the molar synthesis ratio, nacetic acia/nzr is 30, the UiO—66 sample was highly
hydrophilic in air and showed a water contact angle of 32° + 1.8° (Figure 1d) and a fast water
diffusion rate in less than 3s (Video S1). For less defective UiO—66 sample prepared with a nacetic
acid/nz: of 15, the water droplet stayed statically on the pellet surface and remained almost
unchanged in 1 min (Video S2). The above results again indicate that the hydrophilicity of UiO—66

can be adjusted by altering the concentration of modulators in the synthesis solution.
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Figure 2. (a) PXRD patterns and (b) — (¢) SEM images of UiO—66 samples synthesized with
different amounts of acetic acid.

The influence of the acetic acid on the crystallization was then studied by PXRD patterns (Figure
2a). All samples showed characteristic UiO—66 diffraction patterns without impure phases.?® The
PXRD peaks of d—UiO—66 samples showed slightly narrower full width at half maximum
(FWHM) values compared to the reference (parent UiO—66), with the FWHM values decreased
by ~25%, ~39% and ~58% respectively when 15, 30 and 70 equivalents of acetic acid were added,
suggesting larger defective crystals were formed. The size change was again confirmed by SEM
studies. As shown in Figure 2b, the parent UiO—66 consisted of intergrown aggregates of small
spherical particles with an average size of ~200 nm. After the addition of 15 equivalents of acetic
acid (MAceticacid/nz: = 15), single-crystalline UiO—66 nanocrystals with an average size of ~220 nm
were formed (Figure 2¢). Further enhancing the nacetic acid/nz: ratio to 30 (d—UiO—66 2) and 70
(d-UiO—66_3) in the synthesis solution led to the crystallization of uniform UiO—66 crystals with
a well-developed octahedral shape. The average crystal size was further increased to ~300 nm and
~400 nm for d—UiO—66 2 and d—UiO—66 3 samples, respectively (Figure 2d and 2e). These
results indicated that the size and morphology of UiO—66 could be regulated by varying the amount

of acetic acid in the synthesis solution. During the modulation synthesis, the competition between
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acetate and the deprotonated linker (BDC?") inhibited crystal nucleation and thus fewer nuclei were
formed.?® On the other hand, higher acetic acid concentration favors the crystal growth leading to
the formation of crystals with high crystallinity.?” As a result, the morphology of the UiO—66
crystals gradually changes from small intergrown cubes to larger, single octahedral when

increasing the acetic acid concentration.

The number of the missing linker per Zrs formula unit in the defective UiO—66 analogues
prepared with different molar equivalents of the acetic acid modulator was calculated based on
their TGA-DSC data using the method reported previously?®. An example of the missing linker
calculation using the TGA-DSC data is shown in Figure 3a. The weight loss observed over the
temperature range of 25 °C-100 °C in the TGA curve is attributed to the desorption of adsorbed
water in the structure. Then the loss of the monocarboxylate ligands (acetic acid) and the
dehydroxylation of the Zrs cornerstones occur over the temperature range of 200 °C-395 °C, which

is in good agreement with previous studies.?®*
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Figure 3. (a) An example of the missing linker calculation using TGA-DSC data for d—UiO—66 3
sample. (b) Effect of molar equivalent of the modulator on the number of missing linkers and BET
surface areas in UiO—66 samples
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Table 1. BET surface areas before and after hydrothermal stability tests and water adsorption
loadings at 90% relative humidity

Modulator  Yield? BET Surface Area (m?/g) Water
Amount' (%) Loading’
Samples (nAA/Zr) BefOI‘e After LOSS Of BET (mmol/g)
3-month water soaking test (%)

Ui0—-66 0 ~60 1105 1083 2.0 18.9
d-Ui0-66 1 15 ~55 1238 1206 2.6 24.8
d-Ui0O—66 2 30 ~52 1399 1355 3.2 30.0
d-Ui0—-66 3 70 ~35 1517 1327 12.5 29.0

Note: 1, n44/z- denotes the mole ratio of acetic acid to Zr. 2, The yield of all samples was estimated
with respect to the mass of zirconium salt. 3, Water loading of the samples at 90% relative humidity
(RH).

After that, the decomposition of the framework begins from 395 °C to 500 °C, which includes
the complete removal of the BDC linkers. The number of missing linker per Zrs formula unit was
calculated using the method reported by Shearer et. al.2® (refer to Supporting Information for more
details). As shown in Figure 3b, the number of missing linkers was significantly increased with
the increasing amount of acetic acid modulator. The calculated number of missing linkers per Zre
centre increased from ~0.7 for d-UiO—66 1 to ~1.0 for d-UiO—66_3 (see also Table S1,). Their
BET surface areas increased correspondingly (Table 1). The parent UiO—66 (obtained with a yield
of ~60%) has a typical BET surface area of 1105 m? g"!, which is consistent with the value reported
by Sholl et al.*’ The d-UiO—66 1 sample (obtained with a yield of ~55%) shows an increased
surface area of 1238 m? ¢! due to the formation of missing-linker defects in the UiO—66
framework. When the amount of acetic acid was increased to 30 equivalents, BET surface area of

the obtained d—UiO—66 2 sample (with the yield slightly decreased to ~52%) further increased to

1399 m? g !, indicating higher defectivity of the UiO—66 framework. The last d-UiO—66_3 sample

12



prepared with 70 equivalents of acetic acid showed a BET surface area over 1500 m? g”!, but with
a low yield of ~35%. This is because comparing to d—UiO—66 1, a higher concentration of acetate
exists in d-UiO—66 3 to compete with the linkers in the course of crystallization.?*® Thus, the
number of acetic acid modulator remaining compensated in d—UiO—66 3 framework increases,

resulting in more linker deficiencies in the final product.

To understand how the number of missing linkers or missing linker vacancies influence the
hydrophilicity of the UiO—66 framework, molecular simulation of the parent and d—UiO—66
samples was conducted to estimate the heats of adsorption of water at low loading (AHm:0) in the
framework. Zero-loading heats of adsorption for H,O in defect-free, CH;COO— capped defective,
and H,O/OH— capped defective UiO—66 at room temperature were calculated using Grand
Canonical Monte Carlo (GCMC) simulations in RASPA, and the results were shown in Table 2
(refer to Supporting Information for more details on density functional theory (DFT) calculations

and molecular simulations).

Table 2. Amount of missing linkers in parent and defective UiO—66 samples and their simulated
water heat of adsorption

Materials The number of missing linker AHm.o, kJ/mol, 298K
per Zrs Centre

Ui0—-66 0 -13

d-Ui0O-66_AA 0.5~1.5 -14 ~-15
d-UiO—-66_OH 0.5~1.5 —46 ~—47
d-Ui0-66 1 0.7 —14 ~—47
d-Ui0-66_2 0.8 —14 ~—47
d-Ui0-66 3 1.0 —14 ~—47

Note: d—UiO—66 AA and d—UiO—66 OH denote CH3COO— capping and HoO/OH— capping
d-Ui0O—66s, respectively.
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In Table 2, the ideal UiO—66 sample showed a very weak heat of adsorption of water, —13 kJ/mol
at 25 °C, suggesting that the UiO—66 framework was intrinsically hydrophobic. Further increasing
the number of missing linkers unavoidably yield more linker vacancies in the unit cell. As
discussed above, the missing-linker defect could be substituted by either the deprotonated acetic
acid modulator (acetate) or hydrophilic terminal groups, such as —OH groups. According to GCMC
calculations, the AHmn.0 of UiO—66 remained almost constant at —14 kJ/mol when all missing linker
vacancies were compensated by acetate groups On the other hand, if only water or —OH groups
were terminated in the missing linker defects, the calculated value of AHu20 was sharply decreased
to —46 kJ/mol, indicating that the framework became highly hydrophilic in nature. Indeed, the
more defective UiO—66 structures displayed enhanced water adsorption performance under a
series of test relative humidity (RH) at room temperature (25 °C). As shown in Figure 4, all
defective UiO—66 samples exhibited much higher water uptake as compared to the parent UiO—66

(see also Table S2).
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Figure 4. Water adsorption behaviour of parent and defect UiO—66 samples under different relative
humidity at room temperature.
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For instance, at 90% RH, a steady increase in total water loading was observed for the parent
Ui0—-66 (18.9 mmol/g), d—Ui0O-66 1 (24.8 mmol/g), d-UiO—66 3 (28.95 mmol/g) and
d-Ui0—66 2 (30.0 mmol/g) (see also Table 1). These results further suggest that the defective

UiO—66 samples possess stronger affinities for water than the parent UiO—66.

In this work, when a high modulator ratio (e.g., 30 and 70) was used, the final d—UiO—66
samples showed greatly improved hydrophilicity which implies water molecules or —OH groups
are more preferably compensated in the missing linker defects even at conditions with a high acetic
acid concentration. Both d—UiO—66 2 and d—UiO—66 3 were found to be highly hydrophilic
according to their water adsorption and surface contact angle measurements (Figure 1d, Table 1
and Figure 4). Considering a relatively low yield of the latter sample (~35%), hydrophilic
d-UiO—66 2 which possessed a much higher yield rate (~52%) and water uptake (29.9 mmol/g)
was chosen as a suitable candidate for the following hydrothermal stability tests and liquid

separation studies.

Hydrothermal stability of hydrophilic d-UiO—-66 samples

Hydrothermal stability of the separation materials has always been one of the critical parameters
which could affect the long-term separation performance. It has been reported that UiO—66 is one
of the few MOFs which are thermally stable up to 500 °C.?*"2” However, its hydrothermal stability
has not been fully studied. We tested the hydrothermal stability of the synthesized UiO—66 samples
by soaking them in deionised water for an extended period of 3 months at room temperature (25
°C). N2 sorption and PXRD measurements were used to monitor the change of their structures.
BET surface areas of the synthesized UiO—66 samples before and after the stability tests were

summarized in Table 1. After soaking in water, the BET surface area of the parent UiO—66 was

15



reduced by only 2.0%, indicating the parent UiO—66 structure showed outstanding stability in
water at room temperature. For the d-UiO—66 1 and d—UiO—66_2 samples, the loss of their BET
surface areas slightly increased to 2.6% and 3.2%, respectively, confirming that these two
defective UiO—66 analogues still possessed satisfactory hydrothermal stability at room
temperature. A more significant BET surface area loss of ~12.5% was found for the d-UiO—66_3
sample implying the higher framework defectivity could lead to a compromise of its hydrothermal
stability. However, according to PXRD results, all samples before and after the stability tests
showed similar representative UiO—66 diffraction peaks, which matched well with the simulated
pattern (Figure S2). These results strongly suggest that all samples retained almost full crystalline

integrities after 3-month soaking in water and still exhibited excellent stability.

Fabrication of superhydrophilic d-UiO—66 coated meshes

The hydrophilicity and stability of the as-synthesized d—UiO—66s make them a potential
candidate for long-term stable oil/water separations. We prepared d—UiO—66@mesh materials on
a series of stainless steel meshes with different aperture sizes via a simple dip-coating process. An

illustration of the 2-step fabrication process is shown in Figure Sa.
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Figure 5. (a) Schematic illustration for the fabrication process of the d—UiO—66(@mesh; and (b) —
(g) SEM images of d—UiO—66_2 @mesh 400 samples at different stages of the fabrication process.

d-UiO—-66_2 was chosen as a representative for the growth. In the first step, a clean mesh was
coated with a thin layer of polydopamine (PDA) by immersing the mesh into a dopamine aqueous
solution under alkaline condition (pH = 8.5) for 12 h. With a thin layer of PDA serving as the
adhesive agent, the mesh surface became highly hydrophilic.** The PDA-coated mesh was then
immersed in the d-UiO—66 synthesis solution for the growth of d—UiO—66 on the mesh surface.
Figure 5b shows the SEM image of a bare stainless steel mesh (US size 400) with a smooth surface.
However, the pristine mesh is hydrophobic in air as a water contact angle as high as 126° was
observed (Figure 5b, inset). After dip-coating in polydopamine solution, the PDA-coated mesh

showed no noticeable change on the surface as presented in Figure Sc, but its water contact angle
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decreased dramatically to ~60° (Figure 5c, inset). Figure 5d and Se show the original smooth mesh
surface was completely covered by a dense layer of d-UiO—66 2 crystals and the
d-Ui0—-66 2@mesh 400 became superhydrophilic with a water contact angle smaller than 5°.
High-magnification SEM images (Figure 5f and 5g) further revealed that the dense layer (~ 350
nm) was composed of abundant intergrown d—UiO—66 2 crystals, forming a continuous nanoscale
rough surface. Without the PDA coating, only a scattered coverage of crystals was found on the
d-Ui0O—66 2@mesh surface (Figure S3 a — ¢). In this situation, instead of forming a continuous
layer on the mesh surface, the UiO—66 crystals tend to be agglomerated into numbers of isolated
islands. The above results indicate that the PDA layer helped promote uniform nucleation and
crystal growth on the mesh surface. d—UiO—66 3@meshes 400 were also prepared and studied.
According to the SEM results (Figure S3 d — f), further increasing the amount of the modulator
had no noticeable change on the crystal coverage and uniformity, except the d-UiO—66 3 crystals
were less intergrown on the mesh surface. Considering the low yield rate of d—UiO—66 3 and
incomplete crystal intergrowth on the mesh surface, d—UiO—66 2 was used for further testing of

d-UiO—66(@meshes.

Wettability of d—UiO—66 2@meshes

The wetting properties of stainless steel meshes with different mesh number before and after
coating with UiO—66 were systematically characterized using contact angle measurements. As
presented in Figure 6, all the bare meshes exhibited hydrophobic properties in air with a water
contact angle in the range of 116° - 127°. After coating by a thin layer of d-UiO—66_ 2, the mesh
surfaces were superhydrophilic in air. Most mesh samples showed an in-air water contact angle

lower than ~5°.
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Mesh (US 50) Mesh (US 150) Mesh (US 270) Mesh (US 325) Mesh (US 400) Mesh (US 500) Mesh (US 600)
Aperture size:  Aperture size: Aperture size: Aperture size: Aperture size: Aperture size: Aperture size:

300 pm 105 pm 53 pm 44 pm 37 pm 25 pm 23 um
117° 127° 126°, 120° 122° 124 116°
Bare Mesh
Water contact
angle (in air, 60s)
d-Ui0-66_2@Mesh 0° 0° ~0° 3° & 12° 21°

Water contact

138° 164° 162° 166° 167° 161° 171°
d-UiO-66_2@Mesh
Oil contact angle
(Underwater, 60s )

Figure 6. Water contact angle of bare meshes (top row), d—UiO—66 2@meshes (middle row), and
underwater oil contact angle (bottom row) of d—UiO—66 2@meshes.

When the mesh pore size further decreased to <40 pum (e.g., US meshes 400, 500 and 600), the
water contact angle (measured at 60 s) was slightly increased as water permeation through the
mesh with a smaller pore was slower, therefore more water remains on top forming a larger contact
angle. Underwater wetting properties of all meshes were studied by immersing these meshes in
water and performing underwater oil contact measurements. Trimethylolpropane trimethacrylate
(TMTA) which has a density of 1.06 g/mL was employed as the representative heavy oil. All the
meshes displayed excellent underwater superoleophobicity, with an oil contact angle higher than
160° except d-UiO—66 2@mesh 50. Such superhydrophilic and superoleophobic surface wetting

properties make the d—UiO—66(@ meshes interesting for oil/water separation.

Oil/water separation performance

Gravity-driven oil/water separation performance was examined using a homemade setup as
shown in Figure 7a. The mesh samples were clamped between two identical plastic tubes with two
foldback clips. Then, immiscible oil/water mixtures with a volume ratio of 50:50 and oil phase

dyed with a red colour were poured onto the mesh surface.

19



Figure 7. Oil/water separation performance of d—UiO—66 2@meshes-400. (a) A photo of the
homemade device. (b) A mixture of n-hexane and water (50/50, v/v) was poured into the plastic
tube. (c) Water permeate through the mesh under gravity, but n-hexane was completely rejected
above the mesh.

Figure 7b and 7c¢ show a photo of the oil (n-hexane)/water separation on d—UiO—66 2@mesh
400 at the early beginning and the end of the separation experiment, respectively. Compared to the
bare stainless steel mesh, PDA coated mesh and UiO—66@mesh 400 which had no selective oil or
water permeation (Video S3, S4 and S5), the d—UiO—66 2 coated meshes only allowed the
permeation of water while completely rejected the oil (Video S6). Moreover, the oil remained
above the mesh even after strong flushing with water from the top for several times, suggesting

excellent and stable oil/water separation performance was achieved.

The performance was also measured on d—UiO—66@meshes with different aperture size. The

permeate flux (F) was calculated using equation (3):

F=V/S-t 3)
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where V is the total volume of the filtrate (L), S is the effective filtration area of the mesh (m?),

and ¢ is the filtration time (s).

The intrusion pressure was determined by measuring the maximum height of the oil column that

the mesh sustained, and was calculated using the following equation:

AP = pghmax “4)

where AP is the intrusion pressure, p is the density of the oil, g is the gravity acceleration, and /max
is the maximum height of the oil column that stayed above the mesh. As shown in Figure 8a, the
permeate flux of the d-UiO—66_2@meshes increased with the increase of the mesh aperture size,
while an opposite trend was observed for the intrusion pressure. According to the measurements,
when the aperture size of the mesh was in the range of 25 pm to 45 pm, the d—UiO—66_2@meshes
has the optimal performance with the flux ranging from 30 Lm 2 s ' to 50 L m? s ! and the

intrusion pressure ranging from 750 Pa to 825 Pa (see also Table S3).
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Figure 8. (a) Influence of pore size on the flux and intrusion pressure of the d-UiO—66 2@mesh.
(b) The separation efficiencies of the d—UiO—66 2(@mesh for various oils in terms of oil rejection
coefficient.
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Various oil/water mixtures were prepared for the oil rejection tests on a series of

d-UiO—66@meshes 400. The separation efficiency (R) was calculated using equation (5):

R = (1-2)x 100% (5)

0

where Cp is the initial oil content in the feed oil/water mixture, and C, is the oil content in the
collected filtrate. Our results revealed that the d—UiO—-66 2@meshes 400 exhibited excellent
separation performance among all tested oils with a separation efficiency, R, higher than 99.9%
(Figure 8b, see also Table S4), underscoring the d—UiO—66(@meshes 400 obtained in this work

are very promising for highly-efficient separation of various oil/water mixtures.

Recyclability and stability of d—UiO—66@meshes

Soak Time in Water, day
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Figure 9. (a) Underwater oil contact angle of d—UiO—66_2@mesh 400 monitored over the course
of 3-month soaking in water and cyclic oil/water separation experiments and (b) oil rejection
efficiency of water-soaked d—UiO—66_2@mesh-400s.

The stability of the oil/water separation performance of the d—UiO—66@mesh was first

evaluated using a cyclic oil/water separation test. After each cycle of oil separation, the mesh was
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flushed under running tap water for ~2 min and then dried at room temperature before underwater
oil contact angle measurements. As displayed in Figure 9a, d—UiO—66 2@meshes 400 showed
very stable underwater oil contact angle of about 158° even after 50 cycles of oil/water separation
tests, revealing outstanding recyclability of the meshes (see also Table S5). To understand their
capability in long-term oil separation, a similar 3-month water soaking test was conducted
parallelly on multiple d—UiO—66 2@meshes 400. Their surface wettability and separation
efficiency were monitored over the whole course of the soaking test. Figure 9a shows that the
underwater superoleophobicity of the mesh surface was well preserved as the underwater oil
contact angles remained greater than 160°, and Figure 9b shows the separation efficiency retained
above 95% (see also Table S6 and Video S7), revealing outstanding long-term stability and oil
rejection capability of the d-UiO—-66 2@meshes 400. The mechanical stability of the
d-UiO—66 2@meshes 400 was also tested by flushing the d—UiO—66 mesh surface directly under
running water at a flow rate of 3.0 £ 0.65 L min"! for 6 h. The SEM image of the mesh surface
shows the d—UiO—66 2 coating layer was slightly cracked, but the underwater oil contact angle
remained above 155° (Figure S4), indicating excellent mechanical stability. According to previous
studies, UiO—66 and their defective analogues have excellent chemical stabilities (see “Chemical
stabilities of UiO—66 in Supporting Information). However, more systematic studies on their
hydrothermal stability under harsh conditions and oil/water separation at elevated temperatures
which are representative and critical in many industrial processes (e.g., 35 °C ~ 85 °C, a normal

temperature range found for industrial oily wastewaters) will be studied in the future.

CONCLUSIONS

We have tuned and studied the wettability of the UiO—66 via the engineering control over the

defects inside its framework using modulation synthesis. UiO—66 crystals with tunable
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hydrophilicity were prepared with a yield higher than 50%. A continuous dense layer of well-
intergrown d—UiO—66 crystals was also successfully prepared on a series of stainless steel meshes
using a two-step fabrication process. The synthesized d—UiO—66@meshes were superhydrophilic
in air, superoleophobic in water and efficient in oil separation from various oil/water mixtures.
Based on both cyclic separation tests and long-term stability tests, these d—UiO—66@meshes
showed reusability and stability. The concept of fine-tuning the hydrophilicity of UiO—66
framework via defect engineering may be applicable to other MOFs which possess the capabilities
of losing specific framework ligands but can still retain satisfactory stability. The results obtained
in this work give new insights into the search for potential MOF-based materials for liquid

separations and also for a wide range of interfacial-related applications.
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