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Self-standing metal-organic framework (MOF) membranes open
up several application areas where their use in the powder form
is either not possible or non-sustainable. Most MOF membranes
are prepared as a thin layer either on a supporting substrate or
used as a composite membrane with additional supporting
material. In this work, we present the preparation procedure for
making highly stable, easy-to-handle, reusable, efficient pure
MOF membranes (UiO-66-SO3H and UiO-66-NH2 membranes;
thickness 240�12 μm and 265�10 μm, respectively) with
hollow fiber morphology and their use in cascade reactions in

one-pot catalyzed by incompatible acid-base in tea-bag-type
concept. The catalytic performance of the catalyst membranes
was tested by reacting benzaldehyde dimethyl acetal with three
active methylene compounds. The membranes exhibited ex-
cellent catalytic activity in cascade reactions in one pot (the
yield of the product was as high as 99.9%) and can be reutilized
up to 15 times without any significant loss in activity. Stable
pure MOF membranes, as shown in this work, would be of
interest for several other applications beyond catalysis.

Introduction

Metal-organic frameworks (MOFs) with large surface area,
tunable pore size, porosities, and high thermal and chemical
stability emerged as important porous materials for several
applications, such as gas separation, oil-water separation, etc.[1]

MOFs are framework structures formed by the self-assembly of
metal clusters and organic ligands through coordination bonds
as an insoluble and post-synthesis non-processable powder.[2]

MOF was grown on a substrate using an in-situ growth method
to enable their use in several application areas where a film is
required. One of the methods utilizes immersion of an inorganic
substrate in a MOF reaction solution.[3] Further improvement is
made by modifying the inorganic surface that provides
nucleation sites for MOF’s growth and improves the substrate
-MOF adhesion.[4] Other methods using already prepared MOF
nanoparticles (e.g., ZIF-8) as seeds for the growth of thin MOF
film on an inorganic or polymer substrate are also studied.[5]

The use of MOF in heterogenous catalysis in one-pot
cascade reactions is recently getting more and more attention
as a sustainable alternative to multi-step reactions.[6] The
intermediate processing steps, such as the removal and

purification of products at each stage, are eliminated in one-pot
cascade reactions, simplifying the synthetic procedure, reducing
the solvents’ use, and minimizing waste generation.[7] Besides
MOF, several examples of cascade reactions using different
catalysts (homogenous, enzymes, and heterogenous) for an
individual sequence of reactions in a cascade are also known.[8]

One-pot cascade reactions with catalysts that deactivate
each other are more challenging as they require carefully
designed catalyst support architectures that keep the individual
catalysts isolated from each other in an active state.[9] The
incompatible catalysts which deactivate each other on coming
into contact are called Wolf-Lamb-type catalysts. Moreover,
easy and complete recovery after the reaction is of utmost
importance for the sustainable use of catalysts. The recovered
catalysts can be reused in several other catalytic reactions
without losing activity. This makes the design of catalyst
support architecture furthermore challenging.

Several efforts are invested in providing solutions to this
challenge, and different catalytic supports keeping the two or
more incompatible active catalysts isolated from each other in
one pot are reported in the literature. For this, polymer resins
and magnetic nanoparticles,[10] acidic- and basic-layered
silicates,[11] zeolites,[12] and metal-organic frameworks (MOFs)[13]

are highlighted.
MOFs as catalyst support has increased in the last years due

to high porosity, specific surface area, and possibilities of tuning
their structure.[14] In particular, acid-base bifunctional MOF
powder is an effective catalyst for cascade reactions in one
pot.[15] Complex catalyst supports, such as egg yolk-shell
structured covalent organic framework (COF)@ MOF (YS-
COF@MOF), were also used for the site-separation of acidic and
basic groups.[16] MOF is prepared and subsequently used mostly
in the form of nanoparticles, which can agglomerate during
reactions. Also, retrieving MOF nanoparticles requires an addi-
tional filtration or magnetic separation step.[17] Future efforts are
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needed to design efficient incompatible catalyst supports that
are easily reusable.

Previously, we reported a teabag-type concept for reusable
heterogeneous catalysis in which catalysts can be removed
easily, like a teabag from tea, and reused. For example, gold
nanoparticles (AuNPs) were incorporated in high surface-to-
volume hollow polymer fibers, forming a porous nonwoven
membrane by randomly laying these fibers by electrospinning.
It catalyzed the hydrolytic oxidation of dimethyl phenyl silane
and the alcoholysis of dimethyl phenyl silane with n-butanol.
The catalytic non-woven was taken out for reuse in the same
way as a teabag after use.[18] Keeping our focus on the tea-bag-
type concept for catalysts’ reusability, we later prepared
catalytic supports for incompatible acid and base catalysts. We
electrospun and later cross-linked the fibers in nonwoven
prepared from -SO3H and -NH2 functional polymers and used
them in one-pot cascade reactions: deacetylation-and subse-
quent reaction of an aldehyde with reactive methylene
compounds.[19] Efficient catalysis was observed, but the soft
polymer catalyst membranes were easily swollen by the
solvents used for reactions to form a gel, reducing the catalyst‘s
service life.

In this work, we present a preparation procedure for making
highly stable, easy-to-handle, reusable, efficient self-standing
pure MOF membranes based on well-known MOF (UiO-66)[20]

for use in acid-base catalyzed cascade reactions in one-pot in
tea-bag-type concept. After use, the catalyst membranes can be
simply removed, washed, and reused for the next cycles of
reactions. A procedure for making such self-standing MOF
membranes with functional groups � SO3H and � NH2 is
described, followed by detailed studies regarding their catalytic
ability in cascade reactions in one pot. The catalyst membranes
exhibited excellent catalytic activity in the acid-base catalyzed
reactions (the yield was as high as 99.9%). Moreover, it reveals
the same activity on reusing at least 15 catalytic cycles. The
details of the material preparation and use in one-pot acid-base

catalyzed reactions are described in detail in the results and
discussion section.

Results and discussion

The synthesis strategy of making MOF (UiO-66-SO3H) (acid-
functionalized) and MOF (UiO-66-NH2) (base-functionalized)
individual porous membranes is shown in Figure 1. First, a fiber
membrane of polyacrylonitrile (PAN) as a template polymer,
together with ZrCl4, was obtained by electrospinning a mixed
solution of ZrCl4 and PAN in DMF. The optical photographs of
the PAN/ZrCl4 membrane are shown in Figure S1. The mem-
brane was obtained as a non-woven by random deposition of
fibers (average diameter 500 nm and thickness 78�10 μm)
(Figure S1). Next, using the in-situ growth method, MOF (UiO-
66-SO3H and UiO-66-NH2) were grown on PAN membrane using
the acetic acid catalyst in the water together with either 2-
aminobenzenedicarboxylic acid (BDC-NH2) or 2-sulfobenzenedi-
carboxylic acid monosodium salt (BDC-SO3Na). In the next step,
the template polymer, PAN was removed by Soxhlet extraction
with DMF leaves behind UiO-66-SO3H and UiO-66-NH2 mem-
branes of thickness 240�12 μm and 265�10 μm, respectively.

A scanning electron microscope (SEM) was used to charac-
terize the morphology of the synthesized UiO-66-SO3H/-NH2

membranes before and after PAN removal, as shown in
Figure 2. Figures 2a, and 2b are PAN/UiO-66-SO3H and PAN/
UiO-66-NH2 membranes, respectively. Through the in-situ
growth, a large amount of MOF grows on the surface of PAN
fiber and completely wraps them. Figure 2c, and 2d are the
surface morphologies of the UiO-66-SO3H membrane and UiO-
66-NH2 membrane observed under SEM after removing the
template polymer PAN by Soxhlet extraction. After removing
PAN, the membrane remained intact. Figure 2e, and 2 f are the
cross-sectional images of UiO-66-SO3H and UiO-66-NH2 mem-
branes, respectively, after the removal of PAN, which shows

Figure 1. Strategy to fabricate the self-standing UiO-66-SO3H and UiO-66-NH2 membranes (top) and the reaction scheme to prepare corresponding MOFs
(bottom).
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hollow MOF fibers. The optical photographs of UiO-66-SO3H
and UiO-66-NH2 membranes are shown in Figure S1.

The distinct peaks at 2θ=7.52°, 8.69° and the absence of a
peak at 2θ=17.07° originating from the template polymer

(PAN) (Figure 3a) in XRD confirmed the preparation of UiO-66-
SO3H/-NH2 membranes.[21] Compared with MOF powder, the
characteristic peaks of MOF membranes are broader. But the
main characteristic peak still exists, indicating that Soxhlet

Figure 2. SEM morphology of a) PAN/UiO-66-SO3H, b)PAN/UiO-66-NH2, c) UiO-66-SO3H, d) UiO-66-NH2, Cross-sectional SEM morphology of e) UiO-66-SO3H, f)
UiO-66-NH2 membranes.

Figure 3. a) XRD patterns of UiO-66 simulated, UiO-66-SO3H powder, UiO-66-SO3H membrane, UiO-66-NH2 powder and UiO-66-NH2 membrane. b) FT-IR
spectra of UiO-66-SO3H powder, UiO-66-SO3H membrane, UiO-66-NH2 powder and UiO-66-NH2 membrane. c) N2 physisorption isotherms of UiO-66-SO3H
powder, UiO-66-SO3H membrane, UiO-66-NH2 powder and UiO-66-NH2 membrane. d) Pore size distribution and cumulative pore volume of UiO-66-SO3H
powder, UiO-66-SO3H membrane, UiO-66-NH2 powder and UiO-66-NH2 membrane.

ChemCatChem
Research Article
doi.org/10.1002/cctc.202201040

ChemCatChem 2022, 14, e202201040 (3 of 8) © 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 08.11.2022

2222 / 272434 [S. 166/171] 1

 18673899, 2022, 22, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202201040 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [17/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



extraction has caused a certain degree of disorder or inhomo-
geneity in crystallite size within the framework, but the overall
phase integrity is preserved.[22]

In the infrared spectrum of the UiO-66-SO3H membrane, the
characteristic stretching bands at 1074 cm� 1 and 1024 cm� 1 are
S� O, and at 1253 cm� 1 and 1167 cm� 1 from O=S=O could be
observed (Figure 3b).[23] In the infrared spectrum of the UiO-66-
NH2 membrane, the appearance of an absorption band at
1572 cm� 1 indicates the reaction of -COOH with Zr4+. The
1502 cm� 1 band is from aromatic C=C.[15a] The main character-
istic peak of polyacrylonitrile C�N was seen at 2245 cm� 1. By
comparison, the self-standing UiO-66-SO3H and UiO-66-NH2

membranes did not show the characteristic peak of C�N at
2245 cm� 1 (Figure S2b). This confirms the successful preparation
of independent self-standing UiO-66-SO3/-NH2 membranes.

N2 physisorption isotherm provided pore size distribution
and specific surface area of the powders and membranes, as
shown in Figure 3. The Nitrogen physisorption isotherms of all
samples indicate micropores in the materials due to a sharp
increase at very low relative pressures (p/p0) (Figure 3c). Addi-
tionally, small mesopores were found in all materials (Fig-
ure 3d).[24] At p/p0>0.5, the shape of the physisorption
isotherms of the powders and the membranes are different.
This change might be explained by the formation of the
nanostructured fiber morphology and cavitation effects (effects
not visible in the pore size distribution due to fitting the
adsorption of the physisorption isotherm).[25] When comparing
the pore size distributions (PSD) of the powders and the
membranes, the similarity is very impressive and shows that
even characteristics of MOFs (high porosity and well-defined
pores) could be assigned to a membrane by the used synthetic
approach. The specific surface areas of the membranes, as
calculated using the BET (Brunauer Emmet Teller) model with
the Roquerol correction for microporous materials[26] are
significantly lower (UiO-66-NH2: 330 m2 g� 1, UiO-66-SO3H:
84 m2 g� 1) than the specific surface areas of powder samples
(UiO-66-NH2: 1051 m2 g� 1 UiO-66-SO3H: 539 m2 g� 1). This de-

crease in the surface area could be explained by the partial
change in the crystal structure or surface tension of the crystals
of the UiO-66 materials, which was already observed due to the
broadening of the reflections in the XRD pattern (Figure 3a).

Further, the self-supporting MOFs were studied in one pot
as acid-base catalysts for a sequence of two steps, as shown in
Scheme 1 (for reaction mechanism, please refer to Scheme S1).
Three different one-pot reactions were studied. In each of the
three reactions, the UiO-66-SO3H membrane is intended to
catalyze the conversion of benzaldehyde dimethyl acetal to
benzaldehyde as the first step. At the same time, the UiO-66-
NH2 membrane is designed to catalyze the subsequent reaction
of benzaldehyde with different active methylene compounds,
such as malononitrile and ethyl cyanoacetate, and diethyl
malonate. Benzaldehyde undergoes cyanation by malononitrile,
whereas ethyl cyanoacetate and diethyl malonate undergo
Knoevenagel condensation with benzaldehyde.

Before starting one-pot reactions, the acid and base-MOF
membranes were tested for the individual reaction steps in
different pots. The UiO-66-SO3H membrane catalyzed the
deacetylation reaction, as shown in Scheme 1-step a to b and
Figure S3a. The molar ratio of benzaldehyde dimethyl acetal to
UiO-66-SO3H catalyst was 1 :0.0233. The reaction was fast.
About 85% of the theoretical amount of benzaldehyde was
already obtained in 15 minutes. The conversion rate as
determined from the initial portion of the % conversion vs. time
curve (Figure S3a) till about 15 minutes was 5.69% ·min� 1. After
this, although there was a slow down in the rate of reaction,
still very high conversion (>95% of benzaldehyde) was
obtained in about 60 minutes (rate=1.56% ·min� 1). The UiO-66-
NH2 membrane catalyzed the reaction of benzaldehyde and
malononitrile, as shown in Figure S3b. The molar ratio of
benzaldehyde to UiO-66-NH2 catalyst was 1 :0.0565. Approx-
imately after 30 minutes, 80% of benzaldehyde was converted
to 2-benzylidene malononitrile (rate=2.49% ·min� 1). The ben-
zaldehyde was almost completely converted into 2-benzylidene
malononitrile when the reaction proceeded for 120 minutes.

Scheme 1. Wolf-Lamb-type one-pot cascade reactions were studied in the present work.
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The one-pot, two-step catalysis experiment results are
shown in Figure 4a. For one-pot two steps reactions, both The
UiO-66-NH2 and UiO-66-SO3H membranes were inserted in a
reaction vessel, and all reagents were added simultaneously.
Benzaldehyde dimethyl acetal (0.0025 mol), UiO-66-SO3H cata-
lyst (0.58×10� 4 mol) and UiO-66-NH2 catalyst (1.4×10� 4 mol)
were used for the reaction. The reaction was monitored for the
formation of products by gas chromatography (GC). After
30 minutes, more than 80% of benzaldehyde dimethyl acetal
was consumed (rate=2.81%·min� 1). After a small induction
period, the final product 2-benzylidene malononitrile started
forming with a ~1.11% min� 1 conversion rate until about
60 minutes. After this, although the production rate of 2-
benzylidene malononitrile decreased (1.06% ·min� 1), the reac-
tion was still completed until very high conversions (99.9% in
4 h).

Since the first step, the UiO-66-SO3H membrane catalyzed
reaction, is the same, we only studied the base UiO-66-NH2

catalyzed conversion of benzaldehyde in the next set of
reactions to ethyl-2-cyano-3-phenyl acrylate, as shown in Fig-
ure S3c. No inhibition time was found. 70% of the benzalde-
hyde was converted into the product ethyl-2-cyano-3-phenyl
acrylate after only 90 minutes (rate=0.78% ·min� 1), and about
95% conversion to the product was achieved after 7 hours of
reaction. Afterward, acid UiO-66-SO3H and base UiO-66-NH2

membranes were used together to study the kinetics of acid-

base-catalyzed two-step reactions in one pot. The results of the
one-pot, two-step reaction of the production of benzaldehyde
from benzaldehyde dimethyl acetal and its further reaction with
ethyl cyanoacetate are shown in Figure 4b. The results were
very promising. After a slow start, the rate of reaction increased.
About 88% of the product was achieved in 7 h (rate=

12.6% ·h� 1) with almost quantitative conversion in 8 h.
Encouraged by the above results, we tested the reaction of

benzaldehyde dimethyl acetal with diethyl malonate. The base
UiO-66-NH2 catalyzed the conversion of benzaldehyde to
diethyl 2-benzylidene malonate, as shown in Figure S3d.

Unfortunately, the reaction proceeded very slowly, with
only 37% of diethyl 2-benzylidene malonate produced (rate=

3.21% ·h� 1). The results of the one-pot, two-step reaction of the
production of benzaldehyde from benzaldehyde dimethyl
acetal and its further reaction with diethyl malonate are shown
in Figure 4c. The dimethoxybenzyl acetal was only 74%
converted in this reaction, and at the end of the reaction, only
36.7% of the product was produced (rate=2.42% ·h� 1). We
speculate that this may be because the pKa value of diethyl
malonate is too high. Malononitrile (pKa=11.1), ethyl cyanoace-
tate (pKa=13.2), diethyl malonate (pKa=16.3).[27] Due to the
high pKa of diethyl malonate, deprotonation of methylene
groups is extremely difficult, resulting in low product yields in
one-pot reactions. There have been similar reports of this
phenomenon before.[28] In addition, we investigated blank

Figure 4. Acid (UiO-66-SO3H membrane) and base (UiO-66-NH2 membrane) catalyzed reactions: a) from benzaldehyde dimethyl acetal to 2-benzylidene
malononitrile in one-pot; b) from benzaldehyde dimethyl acetal to ethyl-2-cyano-3-phenyl acrylate in one-pot; c) from benzaldehyde dimethyl acetal to diethyl
2-benzylidene malonate in one-pot. d) Catalyst recycling studies. Reaction conditions: (2.5 mmol) dimethoxybenzyl acetal, (3 mmol) malononitrile, 50 mg UiO-
66-SO3H membrane and 50 mg UiO-66-NH2 membrane, solvent: DMF (5 mL), 80 °C.
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experiments (without a catalyst) of the tandem reaction of
benzaldehyde dimethyl acetal with different active methylene
compounds (Table S4). Without the catalyst, the products 2-
benzylidene malononitrile, ethyl-2-cyano-3-phenyl acrylate, and
diethyl 2-benzylidene malonate were not detected in the one-
pot two-step reactions. It indicated that the addition of the
catalyst played an important role in the reaction process.

Next, we tested the recycling ability of the UiO-66-SO3H/-
NH2 membranes for the one-pot, two-step reaction of benzalde-
hyde dimethyl acetal with malononitrile. After the reaction is
completed, the catalyst membranes only need to be simply
taken out, washed with acetone and methanol, and dried in a
vacuum oven at 80 °C. After this, it was directly used for the
next catalytical cycles under the same reaction conditions. The
results are shown in Figure 4d. When the catalyst membranes
are reused 15 times, 2-benzylidene malononitrile can still be
obtained as high as 93.1%. We carried out XRD characterization
on the used catalyst membranes, as shown in Figure S4a, by
comparison, there is no obvious difference between the used
catalyst membranes and the fresh catalyst membranes, indicat-
ing that the catalyst membranes have good chemical resistance.
In addition, we conducted Fourier-transform infrared (FT-IR)
tests on the used catalyst membranes, as shown in Figure S4b,
and the catalyst membranes can still maintain their integrity
after 15 cycles of use. The performance of self-standing MOF
membranes in one-pot reactions is compared with bifunctional
acid-base MOF powders reported in the literature (Table S5). It
can be seen that the self-supporting MOF membranes (UiO-66-
SO3H/-NH2 membranes) exhibit excellent catalytic activity and
efficient recycling performance. As there was no change in the
structure and physical integrity of the MOF membranes, they
are expected to work for many more cycles, not limited to the
15 cycles as tested in this work.

Conclusions

In conclusion, we present highly stable, easy-to-handle, reus-
able, efficient functional MOF self-standing membranes (UiO-
66-SO3H and UiO-66-NH2 membranes) for sustainable use as
Wolf-Lamb-type (acid-base) catalysts in one-pot cascade reac-
tions in a tea-bag-type concept. First, a simple procedure for
making UiO-66-SO3H and UiO-66-NH2 membranes based on in-
situ growth of respective MOFs on seeded template polymer
fibers in a non-woven is established. The membranes were
characterized using routine analytical methods for porosity,
morphology, and functionality and showed morphologically
made up of hollow fibers. The membranes efficiently catalyzed
both steps of a cascade one-pot reaction, i. e., deacetylation of
benzaldehyde dimethyl acetal to benzaldehyde and reaction of
active methylene compounds malononitrile and ethyl cyanoa-
cetate with benzaldehyde. A high overall yield of the final
products could be obtained. MOF membranes with -NH2 base
groups are limited as catalysts for the reaction of benzaldehyde
with active methylene compounds having high pKa, such as
diethyl malonate.

The membranes are easy to use and, after completion of
the reaction, can be pulled out, washed, and reused without
any significant drop in reaction efficiency, even after 15 cycles.
This work provides an important step forward in preparing and
using MOF membranes of macroscopic dimensions as sustain-
able catalysts.

Experimental Section

Materials

Zirconium(IV) chloride (ZrCl4, Alfa Aesar company, 99.5%), 2-amino-
benzenedicarboxylic acid (BDC-NH2, Alfa Aesar company, 99%), 2-
sulfobenzenedicarboxylic acid monosodium salt (BDC-SO3Na, Sigma
Aldrich company), polyacrylonitrile (Mw=80,000, Carl Roth), ben-
zaldehyde dimethyl acetal (Alfa Aesar company, 99%), benzalde-
hyde (Alfa Aesar company, 99%), ethyl cyanoformate (Sigma
Aldrich company, >99%), malononitrile (Alfa Aesar company,
99.5+%), diethyl malonate (Acros Organics company, >99%),
Dodecane (Alfa Aesar company, 99%), acetic acid (Fisher Chemical
Company, 99.7%), N, N-dimethylformamide (Fisher Chemical com-
pany, 99.5%) were purchased as stated.

Preparation of UiO-66-SO3H particles and UiO-66-NH2

particles

The solvothermal reaction was used to synthesize UiO-66-SO3H
particles. 0.233 g ZrCl4 and 0.268 g 2-sulfobenzenedicarboxylic acid
monosodium salt (BDC-SO3Na) dissolved in 10 mL DI water and
1 mL acetic acid. Afterward, the mixture was transferred to a 50 mL
Teflon-lined autoclave and reacted in an oven at 120 °C for 24 h.
After cooling to room temperature, the white powder could be
obtained by centrifugation and washing with 20 mL methanol 3–
4 times, and finally dried at 100 °C overnight in an oven. The UiO-
66-NH2 particles are also synthesized by the solvothermal method.
Just use 2-aminobenzenedicarboxylic acid instead of 2-sulfobenze-
nedicarboxylic acid monosodium salt (BDC-SO3Na). Other condi-
tions are the same as synthetic UiO-66-SO3H particles.

Preparation of UiO-66-SO3H membrane and UiO-66-NH2

membrane

First, 0.33 g of ZrCl4 and 1.0 g PAN were stirred in 5.6 g of DMF in
10 mL glass bottle for 3 h. The solution was used for electro-
spinning with an applied voltage 18.0 KV, flow rate 1.5 mL ·h� 1, and
a 20.0 cm distance between the electrodes. This results in a PAN/
ZrCl4 fiber membrane. Next, 0.115 g ZrCl4, and 0.134 g 2-sulfobenze-
nedicarboxylic acid monosodium salt (BDC-SO3Na) dissolved in
10 mL DI water and 1 mL acetic acid in 50 mL Teflon-lined
autoclave. And then, 25 mg PAN/ZrCl4 fiber membrane was added.
The reaction was carried out in an oven at 120 °C for one day
resulting in PAN/UiO-66-SO3H fiber membranes. Finally, the PAN
was removed from the membranes by Soxhlet extraction at 165 °C
for one day with DMF. The resulting UiO-66-SO3H fiber membrane
free of PAN were dried. The preparation of the UiO-66-NH2

membrane is the same as the UiO-66-SO3H fiber membrane. Use 2-
aminobenzenedicarboxylic acid (BDC-NH2) instead of 2-sulfobenze-
nedicarboxylic acid monosodium salt (BDC-SO3Na).

The amount of acid and base groups were calculated based on the
elemental analysis.

For UiO-66-SO3H membrane:
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Elemental analysis: C 27.28%, H 3.63%, S 3.73%.

The amount of S=3.73/(32*100)=0.0011625 mol/g of UiO-66-SO3H
membrane=amount of acid group=0.58×10� 4 mol/50 mg mem-
brane.

For UiO-66-NH2 membrane:

Elemental analysis: C 34.26%, H 4.14%, N 3.96%.

The amount of N=3.96/(14*100)=0.002828 mol/g of UiO-66-NH2

membrane=

the amount of base groups (� NH2)=1.41×10� 4 mol/50 mg mem-
brane.

Catalytic experiment

One-step acid-catalyzed reaction

Before catalyzing the reaction, the catalyst was activated in an oven
at 353 K for 12 h to remove the solvent molecules. The reaction is
carried out in the liquid phase under air. Typically, 2.5 mmol
benzaldehyde dimethyl acetal, 5 mmol distilled water, 50 mg UiO-
66-SO3H membrane, 0.75 mmol dodecane (as an internal standard),
and 5 mL DMF were taken in a 25 mL glass reactor vial. The reaction
mixture was then heated to 80 °C with stirring at 200 rpm. At
regular intervals, 10 μL of the reaction mixture was taken using a
pipette and the progress of the reaction was monitored by the GC-
FID system (GC-2010 Plus, Shimadzu). After the reaction, the
membrane is directly taken out of the reaction medium, washed
with acetone (3×20 mL) and methanol (3×20 mL), dried at 80 °C in
a vacuum oven, and reused for recycle runs.

One-step base-catalyzed reaction

Before catalyzing the reaction, the catalyst was activated in an oven
at 353 K for 12 h to remove the solvent molecules. The reaction is
carried out in the liquid phase under air. 2.5 mmol benzaldehyde,
3 mmol active methylene compounds, 50 mg UiO-66-NH2 mem-
brane, 0.75 mmol dodecane (as an internal standard), and 5 mL
DMF were taken in a 25 mL glass reactor vial. The reaction mixture
was then heated to 80 °C with stirring at 200 rpm. At regular
intervals, 10 μL of the reaction mixture was taken using a pipette
and the progress of the reaction was monitored by GC-FID system
(GC-2010 Plus, Shimadzu). After the reaction, the membrane is
directly taken out of the reaction medium, washed with acetone
(3×20 mL) and methanol (3×20 mL), dried at 80 °C in a vacuum
oven, and reused for recycle runs.

One-pot two-step acid-base catalyzed reaction

Before catalyzing the reaction, the catalyst was activated in an oven
at 353 K for 12 h to remove the solvent molecules. The reaction is
carried out in the liquid phase under air. Typically, 2.5 mmol
benzaldehyde dimethyl acetal, 5 mmol distilled water, 3 mmol
active methylene compounds, 50 mg UiO-66-SO3H membrane and
50 mg UiO-66-NH2 membrane, 0.75 mmol dodecane (as an internal
standard), and 5 mL DMF were taken in a 25 mL glass reactor vial.
The reaction mixture was then heated to 80 °C with stirring at
200 rpm. At regular intervals, 10 μL of the reaction mixture was
taken using a pipette and the progress of the reaction was
monitored by GC-FID system (GC-2010 Plus, Shimadzu). After the
reaction, the membranes are directly taken out of the reaction
medium, washed with acetone (3×20 mL) and methanol (3×
20 mL), dried at 80 °C in a vacuum oven, and reused for recycle
runs.
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