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Fabrication of Defect-Engineered MOF-801 Membrane for
Efficient Dye Rejection
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Yi Liu*[a, b]

Although having shown great promise for efficient water
treatment, rational structural design and engineering of poly-
crystalline MOF membranes remain rarely investigated so far. In
this study, we prepared well-intergrown MOF-801 membranes
with tailorable structural deficiencies in the framework for
application in dye rejection. Of particular note, we found that
the addition of formic acid as modulator led to the formation of

MOF-801 membrane with higher missing-linker number, which
was beneficial for increasing water flux with little compromise
in dye rejection rate. The MOF-801 membrane prepared in this
work exhibited excellent dye rejection performance (CR
rejection rate of 99.50% and water flux of 31.69 Lm� 2h� 1bar� 1)
as well as excellent long-term stability.

Introduction

Polycrystalline Metal-organic framework (MOF) membranes
have shown promising application in efficient gas and liquid
separation due to their tailorable framework structure,[1–2] high
surface areas,[3] and rich functionality.[4] To date, hundreds of
different types of MOF membranes have been fabricated and
demonstrated attractive performances in gas separation (such
as H2 purification,[5] CO2 capture[6] and olefin separation[7]) and
in liquid separation (such as dye rejection,[8–20] ion screening,[21]

and pervaporation).[22–24] In terms of water treatment, MOF-
polymer composite membranes have been widely studied for
ion screening and dye rejection. For instance, Wang et al.
developed a novel LBL method to fabricate ZIF-8/PA mem-
branes exhibiting high water flux (27.1 kgm� 2h� 1) and rejection
rate (99.8%).[25] Bart Van der Bruggen. et al. applied two loose
TFC NF membranes (Sepro NF 2 A and 6) to separate salts from
dye/brine mixtures, achieving NaCl rejection rates over 95%.[21]

Nevertheless, to date there remain few studies on exploring the
potential applications of polycrystalline MOFs membranes in
water treatment.

In recent decades, defect engineering has shown great
promise in tailoring the functionality and utility of diverse MOF
materials.[26–30] For instance, relevant studies indicated that
surface areas, aperture size, and pore volume of UiO-66 could
be manipulated by varying missing-linker numbers.[31–32] Rav-
ichandar. et al. found that formic acid, which served as
monodentate ligands, would compete with bidentate benzene-
dicarboxylic acid ligands upon coordinating with Zr6(OH)6O6

clusters, resulting the generation of missing-linker in the
framework, whose number was found to be positively associ-
ated with the hydrophilicity.[33] Farha. et al. found that with
increasing modulator amount, the missing-ligand number
would increase, resulting in larger cavity in the framework.[34]

Winston Ho. et al. confirmed that defect engineering of UiO-66
membranes enabled optimization of both the pore aperture
and hydrophilicity so that water flux during desalination was
significantly improved.[35]

MOF-801, with the formula of Zr6O4(OH)4(O2C� (CH)2� CO2)6,
represents a typical zirconium-based MOF featuring high
chemical stability and hydrophilicity (Figure S1);[36–39] moreover,
the fumaric acid ligand, a natural biomass, is cheap, environ-
mentally friendly, and easily available. Behrens. et al. pioneered
the preparation of MOF-801 powders by adding formic acid,
which was crucial for enhancing their crystallinity, as
modulator.[40] Relevant Monte Carlo and First Principle DFT
simulations revealed that high defect density in the framework
was responsible for their ultra-high water vapor adsorption
capacity.[41] Soldatov. et al. found that the grain size, crystallinity,
and surface areas of MOF-801 powders increased with the
addition of modulator (i.e., formic acid).[42] Inspired by these
achievements, in this study, we fabricated well-intergrown
MOF-801 membranes showing excellent dye rejection perform-
ance by epitaxial growth (Figure 1 and Figure S2); of particular
note, their structural deficiencies were found to exert significant
influence on the separation performance.
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Results and Discussion

Initially, MOF-801 seeds were synthesized following a previous
procedure.[40] Our results showed that temperature, reaction
time and formic acid concentration exerted significant influence
on their morphology. MOF-801 seeds were prepared at reaction
temperature in the range of 100–200 °C. Our results indicated
that the minimum temperature required to synthesize highly
crystalline MOF-801 powders was 120 °C, while with the
increase of formic acid dosages, the crystallinity of MOF-801
powder gradually increased (Figure S3), and the size increased
to a certain extent (Figure S4). As shown in Figure 2b, prepared
MOF-801 seeds with the pore size of 0.48 nm exhibited
octahedron-like appearance with an average size of 350 nm. By
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Figure 1. Schematic illustration of the preparation of MOF-801 membranes
by epitaxial growth.
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comparing Figure 2a–b, there was no doubt that the addition
of formic acid was crucial for improving the crystallinity.

Considering the potential impact of structural deficiencies
on the dye rejection performance, XRD and TG analyses were
further conducted to quantify linker vacancies of the obtained
MOF-801 powders (Figure 2c-d).[29] Relevant calculation results
demonstrated that missing-linker numbers per Zr6O4(OH)4 node
in the framework of MOF-801 (0 eq) and MOF-801 (30 eq)
reached 0.79 and 1.83, respectively, implying that the missing-
linker number increased with increasing formic acid concen-
tration, which coincided well with previous reports.[28] The
positive relationship between missing-linker number and formic
acid concentration could be attributed to competition between
formic acid and fumaric acid ligands for coordinating with open
metal sites in Zr-oxo clusters (Table S1).

To further explore the relationship between linker vacancies
and textural properties, N2 adsorption isotherms of MOF-801
(0 eq) and MOF-801 (30 eq) were further measured at 77 K
(Figure 2e). Our results showed that both BET surface areas
(from 638.6 m2g� 1 to 740.8 m2g� 1) and pore volumes (from
0.33 m3g� 1 and 0.46 m3g� 1) of MOF-801 seeds were positively
correlated to the missing-linker number (from 0.79 to 1.83)

(Figure S5). Another outcome of increased missing-linker num-
ber might be enlarged pore aperture,[34] which altogether was
quite advantageous for enhancing water permeation through
the membrane (Figure 2f).

Subsequently, dip-coating was conducted to deposit MOF-
801 (30 eq) on porous α-Al2O3 tubes. Relevant SEM and XRD
results manifested that the prepared 1.1 μm-thick MOF-801
seed layer was uniform and closely packed with random
orientation. In addition, SEM images of the MOF-801 seed layer
prepared by spin-coating were shown in Figure S6.

In the next step, epitaxial growth was conducted at reaction
temperatures in the range of 100–200 °C (Figure S7-S8). Our
results indicated that 120 °C was the threshold temperature
capable of eliminating intergranular gaps in the seed layer. As
shown in Figure 3a–f, a well-intergrown 1.3 μm-thick membrane
could be obtained under optimized synthetic conditions (i.e., at
120 °C for 24 h). The XRD pattern further confirmed that the
prepared membrane belonged to pure MOF-801 phase with no
preferred orientation (Figure 4). As expected, further elevating
the reaction time or prolonging the reaction duration resulted
in increased membrane thickness.

Simultaneously, the influence of modular concentration on
the membrane morphology was investigated. As shown in
Figure 3, under identical synthetic conditions, both MOF-801-m
(0 eq) and MOF-801-m (30 eq) exhibited similar surface mor-
phology.

Considering the potential impact of textural properties on
the separation performance of MOF-801 membranes, MOF-801
powders sedimented at the bottom of the vessel after epitaxial
growth were collected and subjected to characterization. Since
modulator concentration was found to exert negligible influ-
ence on the morphology of MOF-801 membranes, their
discrepancy in dye rejection performances could be largely
attributed to different missing-linker numbers. Our results

Figure 2. SEM images of MOF-801 seeds obtained with (a) 0 equiv. and (b)
30 equiv. formic acid; (c) XRD patterns, (d) TGA curves under air conditions,
(e) N2 adsorption isotherms, and (f) pore size distributions of MOF-801 (0 eq)
and MOF-801 (30 eq). Scale bar: 1 μm. MOF-801(0 eq) represents MOF-801
seeds synthesized in the absence of formic acid, and MOF-801(30 eq)
represents MOF-801 seeds prepared in the presence of 30 equiv. formic acid.

Figure 3. SEM images of (a) the MOF-801 seed layer obtained from MOF-801
(0 eq); (b, c) top and cross-section of MOF-801-m (0 eq); SEM images of (d)
the MOF-801 seed layer obtained from MOF-801 (30 eq); (e, f) top and cross-
section of MOF-801-m (30 eq). Scale bar: 1 μm. MOF-801-m (0 eq) represents
the MOF-801 membrane obtained in the absence of formic acid during
epitaxial growth, and MOF-801-m (30 eq) represents the MOF-801 mem-
brane obtained in the presence of 30 equiv. formic acid during epitaxial
growth.
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indicated that being similar to MOF-801 seeds, missing-linker
numbers in the framework of MOF-801-m (0 eq) and MOF-801-
m (30 eq) reached 0.95 and 2.43, respectively. We also
measured the adsorption/desorption curve, specific surface
area, pore size distribution and other data of MOF-801 powder
of the bottom product using N2 physical adsorption method.
The BET surface area and micropore volume were calculated as
866.4 m2g� 1 and 0.37 m3g� 1 for MOF-801 (0 eq), and
952.1 m2g� 1 and 0.49 m3g� 1 for MOF-801 (30 eq), respectively.
Simultaneously, the pore size distribution calculated by Horvath
Kawazoe method showed that the median pore sizes of MOF-
801 (0 eq) and MOF-801 (30 eq) were 0.52 nm and 0.60 nm,
respectively, indicating that both their BET surface areas and
pore volume were positively correlated to the missing-linker
number. We therefore concluded that the addition of formic
acid led to higher missing-linker number, which in turn caused
increased surface areas and enlarged pore aperture (Figure S9).

We finally measured dye rejection performances of Conge
Red (CR), Calcein (CA), and Methylene Blue (MB) on the
obtained MOF-801 membranes. Our results (Figure S10-S13)
indicated that MOF-801-m (0 eq) maintained excellent rejection
rates towards CR (99.73%), CA (99.41%), and MB (99.16%). The
discrepancy in separation efficiency among three dyes was
dominated by size-exclusion effect since their rejection rates
were in good agreement with molecular sizes: CR (25 Å)>CA
(15 Å)>MB (12 Å) (Table S2); in addition, we found that water
fluxes of three dyes were strongly dependent on their ζ-
potential (� 33.2 mV for CA, � 0.55 mV for CR, 2.14 mV for MB)
in aqueous solutions, while the ζ-potential of MOF-801 seed
suspension was 20 mV. So we believed that the charge might
not be the key factor affecting the water fluxes of different dye
molecules, but the size screening was. Because the molecular
size of the MB dye was the smallest, it was easy to embed into
the channels of the MOF-801 membrane, causing the blocking
of the screening channels and therefore, reduced water flux.[16]

Comparation of the separation performance of the MOF-801
membrane with the literature was shown in Figure S14 and
Table S3.

We further investigated dye rejection performance of the
MOF-801 membrane in a cross-flow interception mode. Our
results implied that its CR rejection rate and water flux achieved
99.50% and 31.69 L ·m� 2h� 1bar� 1, respectively, which was
superior to most pure MOF membranes reported so far
(Figure 5); moreover, the influence of operation pressure on the
dye rejection performance was studied. It was observed that
the rejection rate decreased slightly (from 99.8% to 95.0%) with
increasing pressure, while the water flux remained stable at
higher pressure (~31 L ·m� 2h� 1bar� 1, Figure 6a). The results
from long-term stability test revealed that there was no obvious
change in both CR rejection rate and water flux within 40 h,
thus confirming long-term operation stability of the obtained
MOF membrane (Figure 6b).

To elucidate the impact of missing-linker number on dye
rejection performance, besides MOF-801-m (0 eq), MOF-801-m

Figure 4. XRD patterns of (a) MOF-801 (30 eq) seed, (b) MOF-801(30 eq) seed
layer, and (c) MOF-801-m (0 eq).

Figure 5. CR dye rejection performance of MOF-801-m (0 eq) and MOF-801-
m (30 eq) supported on porous α-Al2O3 tubes. Dye concentration: 100 mg/L,
room temperature, pressure: 1 bar.

Figure 6. (a) Effect of operating pressure on CR rejection performance on
porous α-Al2O3 tube of MOF-801-m (0 eq). (b) Long-term stability on CR
rejection performance on porous α-Al2O3 tube of MOF-801-m (0 eq). (c)
Effect of operating pressure on CR rejection performance on porous α-Al2O3

tube of MOF-801-m (30 eq). (d) Long-term stability on CR rejection perform-
ance on porou α-Al2O3 tube of MOF-801-m (30 eq).
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(30 eq) was further subjected to CR rejection tests (Figure 6c–d).
Our results indicated that the MOF-801-m (30 eq) exhibited
higher flux at the expense of lower CR rejection. This was
understandable, since the introduction of formic acid caused
higher missing-linker number, which, in turn, led to enlarged
pore aperture and pore volume (i.e., lower rejection rate). To
verify the correlation between the missing-linker number and
water flux, we further explored the influence of formic acid
concentration on the water contact angle of the prepared
membrane. As shown in Figure 7, compared with MOF-801-m
(0 eq) (~46°), the water contact angle of the MOF-801-m (30 eq)
was smaller (~20°), thus confirming that the MOF-801 (30 eq)
membrane was more hydrophilic (i.e., higher water flux). In
effect, the synergistic relationship between formic acid concen-
tration and membrane hydrophilicity (i.e., water flux) was
confirmed by previous reports either.[33,35,41]

Conclusion

To summarize, in this study, we prepared defect-engineered
polycrystalline MOF-801 membrane by epitaxial growth. It was
found that not only the crystallinity but also the missing-linker
number could be facilely tuned through varying the concen-
tration of formic acid. The obtained membrane manifested
superior dye rejection performances (rejection rate >99.50%
and water flux>31.69 L ·m� 2h� 1bar� 1). Of particular note, we
found that the missing-linker number was positively associated
with the water flux with little compromise in dye rejection rate.

Experimental Section
Materials: Zirconium chloride (ZrCl4, 98%, Maclin), fumaric acid
(C4H4O4, 99.5%, Maclin), formic acid (HCOOH, 98%, Maclin), N,N-
dimethylformamide (DMF, 99.8%, Tianjin Kemiou), methanol (CH4O,
99.5%, Macklin), ethanol (C2H6O, 99.7%, Tianjin Kemiou), Congo red
(CR, Biological dye, Maclin), Calcein (CA, Biological dye, Maclin), and
Methylene blue (MB, Biological dye, Maclin) were used as received
without further purification. Both porous α-Al2O3 disks and tubes
were acquired from Fraunhofer IKTS, Germany.

Synthesis of MOF-801 seeds: MOF-801 seeds were synthesized as
reported in the literature with slight modification. Initially, 0.120 g

ZrCl4 and 0.180 g C4H4O4 were dissolved in 20 ml DMF. Subse-
quently, 0.714 g HCOOH was added in the above solution, followed
by vigorous stirring for 30 min. In the next step, the above solution
was placed in an oven at 120 °C for 24 h to form white precipitates.
Finally, the precipitates were separated by high-speed centrifuga-
tion (8000 rpm, 5 min), washed with DMF and anhydrous ethanol
for 3 times, and dried overnight for further use.

Preparation of MOF-801 seed layer: The MOF-801 seed layer was
obtained via dip-coating. Initially, 0.5 g MOF-801 seeds were added
in 50 mL ethanol. Subsequently, the above suspension was
dispersed by sonication and stirred at room temperature for at least
3 days before use. In the next step, a porous α-Al2O3 tube with
length of 5 cm was sealed with Teflon tape on both sides after HCl
treatment. The whole tube was then immersed in the above
suspension for 20 s and manually pulled up at a speed of 0.125 cm/
s. Finally, the MOF-801 seed layer was dried overnight at room
temperature.

Epitaxial growth of the MOF-801 seed layer: Initially, 0.180 g ZrCl4
and 0.270 g C4H4O4 were dissolved in 30 ml DMF. After blocking
both ends with PTFE supports, the porous α-Al2O3 tube was
vertically placed in the precursor solution. Epitaxial growth was
conducted at 120 °C for 24 h in an oven. Finally, the obtained
membrane was washed with anhydrous methanol and dried
overnight before further use.

Dye rejection tests: All dye rejection data were obtained from
membrane modules in cross-flow mode. Schematic illustration of
the dye rejection test was shown in Figure S2. The MOF-801
membrane with an effective area of 18.84 cm2 was used to evaluate
the separation performance. The concentration of dye-containing
solution was maintained at 0.1 g/L (Table S1). Each membrane was
tested under 1 bar transmembrane pressure (TMP). The temper-
ature of the feed side was maintained at 25�1 °C. To ensure the
accuracy of experimental results, each membrane was tested at
least three times under identical operation conditions. In addition,
long-term stability test was conducted at 1 bar. Water flux (J),
rejection rate (R) and water flux (A) were calculated based on the
following equation:

J ¼
DVfeed
Am � Dt (1)

where ΔVfeed (L) represents the volume of the permeate solution,
Δt (h) represents the operation time interval, and Am (m2) is the
effective membrane area.

R ¼
Cf � Cp
Cf

� 100 % (2)

A ¼
J

Dp (3)

Characterization: The morphology of MOF-801 seeds, seed layers
and membranes were characterized by SEM (U1000, Hitachi Co.).
The phase purity was determined by XRD (Rigaku Smart Lab
diffractometer) using Cu-Kα radiation (λ=0.15418 nm) with the 1°/
min scan rate and 5–50° scan angle. Physical adsorption analysis
was conducted on Mike ASAP 2020 Plus. TGA results were
conducted on NETZSCH (TG 209) thermal analyzer under air or N2

atmosphere. UV-vis spectra were obtained from Jasco V-570 with
the scanning range of 200–800 nm.

Figure 7. Contact angles of (a) MOF-801-m (0 eq)-ST (~46 °) and (b) MOF-
801-m (30 eq)-ST (~20 °). ST denotes the starting time for the contact of the
liquid droplet and membrane face.
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Well-intergrown MOF-801
membranes were presented with
different defects, which showed
excellent dye rejection performance
by epitaxial growth. The control of
the structure and function of MOF-
801 membranes by formic was
presented so that their separation
performances could be deliberately
tailored. This strategy would
promote the further development of
defect engineering to improve the
performance of MOF membrane.
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