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a b s t r a c t

Water harvesting from air is an effective method for solving the shortage of fresh water on the earth. 
Herein, MOF-801/PES porous composite membranes were prepared for capturing water from air for 
the first time. The effects of membrane fabrication conditions (preparation methods, relative humid-
ity, MOF-801 contents) and re-usability on the water uptake, as well as the adsorption kinetics, were 
investigated. The results show that, the membranes prepared by vapor induced phase separation 
method (VIPS) display higher water uptake than that by non-solvent immersion precipitation sep-
aration method (NIPS), and the water uptake positively correlates with the porosity of membranes. 
The water uptake of membranes reaches a plateau after about 2 h, and the evolution of water uptake 
rates can be divided into descending rate stage and constant rate stage. The MOF-801/PES mem-
branes prepared under the optimized conditions (60% RH, MOF-801 content of 30%) display high 
water uptake (about 0.027 g g–1 or 4.13 g m–2) under 24% ± 2% RH (17 ± 2°C) and excellent re-usability, 
exhibiting great potential in water harvesting. 
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1. Introduction

On our earth, only 2.53% of the water resources is 
the fresh water (groundwater, lakes, rivers and creeks), 
wastewater, waste and domestic sewage have caused 
pollution of freshwater resources, which aggravates the 
water problem. It is reported that about 4 billion people 
in many developing countries are experiencing the fresh-
water crisis [1]. 

Collection and utilization of water vapor in the air 
plays an important role in alleviating the water short-
ages, and has been paid more attention in recent years 
[2]. Traditional materials, such as charcoal, silica gel, 
zeolite, etc., display either low adsorption capacity or 
high energy consuming for water releasing due to the too 
weak or too strong interactions between water and the 
materials [3–5]. Therefore, scientists are striving to search 
novel materials with high water uptake and low desorp-
tion energy.

Metal-organic frameworks (MOFs) possess adjustable 
pores size, excellent thermal stability, and large surface area 
[6,7], and have found wide applications in gas adsorption 
and storage [8], adsorption [9,10], pervaporation [11,12], 
catalysis [13], battery [14–16], drug transportation [17–20], 
fluorescence sensing [21–24], nonlinear optics [25], etc. Chen 
et al. [26] reported that NU-1500-Cr displays an impressive 
water vapor uptake. Ko et al. [27] found that MIL-101-NH2 
are capable of forming hydrogen bonds with water, and 
shows excellent water absorption performance. Furukawa et 
al. [28] reported the water absorption properties of Zr-based 
MOFs, and found that MOF-801 and MOF-841 possess excel-
lent water adsorption capacity at low humidity, steep uptake 
behavior, recyclability and stability. However, MOFs usually 
exists in the form of powders or crystals, and the MOFs/
air interface area is very limited. Recently, Kim et al. [29] 
designed a specific water uptake device with MOF-801 as 
adsorbents and sunlight as energy source, in which 1.79 g of 
MOF-801 powder was infiltrated into a porous copper foam 
to create an adsorbent layer (50 by 50 by 4.1 mm, packing 
porosity of 0.85). Nevertheless, the copper foam is expen-
sive and the scale-up of the water up take device is difficult. 
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Therefore, it is necessary to load MOFs on cheap and flexible 
carrier for practical applications [30]. 

Polyethersulfone (PES) is an excellent membrane mate-
rial with high glass transition temperature (up to 225°C), 
high resistance to heat, acid, alkali, radiation and oxidation 
[31]. In this paper, MOF-801/PES porous composite mem-
branes were prepared for water harvesting from air for 
the first time. The as-obtained plate membranes are very 
thin (0.25 mm or less), which is benefit for mass-transfer 
and water capturing. Furthermore, the membranes can be 
stacked or curled in plate-and-frame or spiral modules with 
huge specific area (100–1000 m2/m3), favoring the scale up. 
The effects of membrane fabrication conditions (prepara-
tion methods, relative humidity, MOF-801 contents) and 
re-usability on the water uptake, as well as the adsorption 
kinetics, were explored.

2. Experimental

2.1. Material

N, N-Dimethylformamide (DMF), methanol, ethanol, 
formic acid, acetone, concentrated sulfuric acid (H2SO4, 
98%) were analytical grade and provided by Beijing Chem-
ical Factory. Fumaric acid (99%) and ZrOCl2·8H2O were 
purchased from Innochem. All of the chemicals were used 
without further purification unless otherwise addressed. 
Polyethersulfone (PES, E2010) was bought from BASF Com-
pany (German). Polypropylene (PP) micro porous mem-
branes (Φ 50 mm, pore size of 0.20 μm) were provide by 
Haiyan New Oriental Plastic Technology Company, China.

2.2. Synthesis of MOF-801 

MOF-801 was prepared according to the reported proce-
dures [29]. Typically, 1.4561 g (12.5 mmol) of fumaric acid and 
4 g (12.5 mmol) of ZrOCl2·8H2O were dissolved in a mixed 
solvent of N,N-Dimethylformamide (DMF, 50 mL) and for-
mic aid (17.5 mL), and then the mixture was transferred to 
an autoclave, heated in an isothermal oven at 130°C for 6 h to 
give as-prepared MOF-801 as white precipitate. After cooling 
to room temperature, the white precipitate was filtrated, and 
washed with DMF and methanol, and then immersed in DMF 
and methanol solution for 3 d to remove unreacted fumaric 
acid, followed by drying at 100°C under vacuum for 2 h.

2.3. Preparation of MOF-801/PES membranes

PES was dissolved in DMF, and then MOF-801 nanopar-
ticles were added, stirred for 0.5 h, and cast on a clean glass 
plate, and then the membranes were formed by vapor induced 
phase separation (VIPS) method in a sealed box with con-
stant temperature and humidity. For comparison, non-sol-
vent immersion precipitation separation method (NIPS) was 
also used for fabrication of membranes by immersing the wet 
membranes in DI water as coagulant bath.

2.4. Characterization

The morphology of MOF-801 and membranes were 
characterized by a field emission scanning electron micro-

scope (FESEM, S-8010, Hitachi), and the sample was 
sprayed with Au before observation. XRD pattern was 
analyzed with monochromatized Cu Kα incident radiation 
(Shimadzu XRD-6000). The IR spectra were recorded on a 
Fourier transform infrared spectrophotometer (FTIR, Affin-
ity-1, Shimadzu, Japan). 

The porosity of membranes was measured by a dry-
wet weight method. Firstly, the membranes were cut into 
a certain size with volume of V0, dried at 100°C for 1 h, and 
weighed (m1). Then, the dry membranes were immersed 
in DI water for 5 h, and weighed (m2) after wiping off the 
water on membrane surface. The membranes porosity (ε) is 
calculated as,
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The water uptake of membranes in the air was mea-
sured by weighting method. The membranes were dried 
at 100°C for 1 h and weighed (m1), and then placed in the 
air for 12 h and weighed (m3). The water uptake (φ) was 
expressed as,
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3. Results and discussion

3.1. Preparation of MOF-801 

Fumaric acid reacts with ZrOCl2·8H2O and gener-
ates MOF-801, which possesses three-dimensional porous 
framework structure with fumaric acid as linker and metal 
cluster Zr6O4(OH)4(fumarate)6 as the center, containing tet-
rahedral and octahedral cavities with slightly different size 
[32]. The powder X-ray diffraction (PXRD) shows sharp dif-
fraction patterns with space group of pn3– (Fig. 1a), which 
is consistent with the literature [29]. Fig. 1b shows that the 
MOF-801 particles are cubic, about 500 nm in size. In the 
FTIR spectra of MOF-801 (Fig. 1c), 3398 cm–1 is the O-H 
stretching vibration, and 1581 and 1400 cm–1 are asymmetric 
and symmetric stretching of carboxylate [33].

To measure the water uptake kinetics of MOF-801 pow-
der, MOF-801(0.4275 g) was dried in a vacuum oven at 
100°C for 2 h, and then placed in ambient conditions (30% 
RH, 25°C, powder thickness of 2 mm) for water uptake. Fig. 
1d shows that the water uptake increases with time and then 
reaches equilibrium (0.23 g g–1) after 20 h. The frame struc-
ture of MOF-801 contains three symmetric and indepen-
dent cavities, two of which possess tetrahedral shape and 
the other has an octahedral shape, and can capture water 
molecules even at low relative humidity [28,29]. Choi et al. 
[34] analyzed the adsorption thermodynamics of MOF-801 
by calculating the structural defects with the Monte Carlo 
method and the first principle density functional theory, 
and demonstrated that the high-density defects in MOF-801 
are the cause of hydrophilic adsorption behavior, and the 
defect degree has an important influence on the moisture 
absorption. The water adsorption performance depends 
on the spatial configuration of the defects, and water con-
densation in the nanopores occurs preferentially along the 
<110> direction.
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3.2. Effects of membrane preparation methods

To explore the effects of membrane preparation meth-
ods, 15 wt % of PES solution was cast on clean glass plates, 
and then membrane formation was conducted by vapor 
induced phase separation (VIPS, 60% RH, 21°C) and 
immersion phase inversion (NIPS, water as coagulation 
bath), respectively. 

In the FTIR spectra of PES membranes (Fig. 1c), the 
peaks at 1577 cm–1 and 1485 cm–1 are ascribed to C=C 
stretching of benzene ring. The bands at 1321 cm–1 and 
1297 cm–1 are attributed to the asymmetric stretching of 
sulfone, and 1149 cm–1 is the symmetric stretching of sul-
fone. 1238 cm–1 is the asymmetric stretching vibration of 
C-O-C, and 1104 cm–1 is the C-O stretching vibration. 871, 

800, and 835 cm–1 are C-H deformation vibrations of sub-
stituted benzene rings [31]. 

Figs. 2a and 2b show that the membrane prepared by 
the VIPS method possesses a honeycomb network struc-
ture with pores size about 5.92 μm, whereas the membrane 
prepared by the NIPS method displays smaller pores size 
(about 800 nm). For VIPS method, the water content in 
vapor is limited, and the exchange rate of water in vapor 
with the solvent in wet membrane is low, leading to slow 
phase separation and thus porous network structure [35]. 
In contrast, in NIPS process the wet membrane contacts 
directly with the water, and the exchange rate between the 
solvent and water is very high, resulting in sponge-like 
membrane with small pores. 

Fig. 1. Characterization of MOF-801. (a) Powered XRD patterns (The crystal structure of MOF-801 was quoted form the literature 
[29]). (b) SEM image. (c) FTIR spectra. (d) Water uptake kinetics of MOF-801.

Fig. 2. Effects of preparation methods on PES membranes. (a) Membranes prepared by VIPS. (b) Membranes prepared by NIPS. 
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The water uptake of PES membranes (thickness of 
0.25  mm) were measured at ambient conditions (30% RH 
and 22°C in average) for 12 h. The membrane prepared by 
VIPS method displays higher water uptake (0.0060 g g–1 or 
0.34 g m–2) than that by the NIPS method (0.0045 g g–1 or 
0.28 g m–2). It can be seen that the membrane structure has 
an important influence on the water uptake [36]. Hereafter, 
VIPS method was used for preparation of membranes.

3.3. Effect of relative humidity on membrane formation 

To investigate the effects of relative humidity on the 
membrane formation, 15 wt% PES solution was cast on 
glass plate and then placed in a constant humidity and tem-
perature environment (20% RH, 40% RH, 60% RH, 80% RH, 
25°C) respectively for 10 h.

Fig. 3 shows the SEM image of membranes. The 
membrane prepared at 20% RH exhibits dense structure. 
In this case, the water content in vapor is small, and the 
driving force for water entering into the wet membrane is 
low, and solvent evaporation is the main mechanism for 
membrane formation [35]. The membrane obtained at 40% 
RH possesses many small pores (about 450 nm in size) on 
the surface. For the membrane prepared at 60% RH, the 
pores number increases because the diffusion rate of water 
vapor to the wet membrane rises [37–39]. The membrane 
fabricated at 80% RH displays large and wide-distributed 
pores size (2.14–9.28 μm) due to the too fast membrane 
formation rate. 

Fig. 4a shows that, with the increased relative humid-
ity in membrane preparation, the membrane porosity 
and water uptake (in the air of 23 ± 2% RH and 15 ± 2°C 
in average for 12 h) rise firstly and then decline, and the 

uptake positively correlates with the porosity. The mem-
brane prepared at 60% RH displays the highest porosity 
(5.53%) and water uptake (0.0036 g g–1). Therefore, 60% 
RH was used for membrane fabrication in the subsequent 
experiments. 

3.4. Effects of MOF-801 contents

To investigate the effects of MOF-801 contents, the 
casting solution of MOF-801/PES (total solid content of 
15 wt %, in which MOF-801 accounting for 0, 10, 20, 30, 40, 
and 50% of the total solid content) was cast on glass plate, 
and the membranes formation was carried out at 60% RH 
(25°C). The FTIR spectra of MOF-801/PES membranes 
(Fig.1c) show that the feature peaks of PES and MOF-801 
appear.

Fig. 5 shows the SEM images of membranes. When the 
MOF-801content is 30% or less, some MOF-801 particles can 
be seen in the membrane surface layer. For MOF-801 content 
of 40% and 50%, lots of MOF-801 aggregates are observed 
on the membrane surface, and the membrane becomes brit-
tle. Furthermore, with the rising MOF-801 contents, the 
porosity and water uptake (in the air of 21 ±  2%RH and 
15 ± 2°C in average for 12 h) of membranes increase (Fig. 
4b). For 30% of MOF-801, the porosity is 18.66% and the 
water uptake attains 0.0125g g–1 (i.e. 1.69 g m–2). Consider-
ing the membranes stability, MOF-801 content of 30% was 
employed as the optimized condition.

3.5. Adsorption kinetics

To explore the adsorption kinetics of membranes, the 
evolution of water uptake with time was measured for 

Fig. 3. Effects of relative humidity on PES membranes. (a) 20% RH, (b) 40% RH, (c) 60% RH, and (d) 80% RH.
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Fig. 4. (a) Effect of relative humidity in membrane preparation on water uptake of PES membrane. (b) Effect of MOF-801 contents on 
water uptake of MOF-801/PES membrane.

Fig. 5. Effect of MOF-801 contents on membranes. (a) 0% of MOF-801. (b) 10% of MOF-801. (c) 20% of MOF-801. (d) 30% of MOF-801. 
(e) 40% of MOF-801. (f) 50% of MOF-801.
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MOF-801/PES composite membranes (MOF-801 content of 
0%, 30%, 40%, and 50% respectively) under ambient con-
ditions (27% RH and 18°C in average). The water uptake 
increases with time gradually and reaches a plateau after 
2 h (Fig. 6a). The average water uptake of membranes with 
MOF-801 content of 50%, 40% and 30% is about 5.78, 4.49 
and 2.47 times that of the pristine PES membrane, demon-
strating that MOF-801 mainly contributes to the uptake of 
membranes. 

Fig. 6b displays the change of water uptake rates with 
time. The evolution of water uptake rates can be divided 
into two stages: descending rate stage, and constant rate 
stage. In water capturing, the temperature and humidity of 
the air can be considered as constant, and the water uptake 
rate can be expressed as, 

( )A H WN k H H= − � (3)

where NA is the water uptake rate, kH is the mass transfer 
coefficient which can be regarded as constant in a certain 
condition, H is the air humidity, and HW the equilibrium 
humidity on the membranes surface. In the initial stage, 
the membranes are dry, and HW is very low and the driving 
force for mass transfer is high, resulting in large uptake rate. 
For MOF-801 content of 0%, 30%, 40%, and 50%, the initial 
mass transfer coefficient is found to be about 1.99, 1.33, 3.65 
and 3.76 g h–1 m–2 respectively. With the proceeding of water 
uptake, HW increases, and the water adsorption sites change 
from the membrane surface to the membrane interior, and 
from large pores of membranes to small pores, leading to 
declined uptake rates. When the membranes are saturated 
with water, HW and uptake rate become almost constant, 
displaying a constant rate stage. 

3.6. Membranes re-usability

To investigate the re-usability of membranes (MOF-801 
contents of 0%, 10% and 30%), water harvesting was con-
ducted in the air (24% ± 2% RH, 17 ± 2°C), and then water 
releasing was carried out by heating (100°C) to simulate the 
solar thermal heating (Fig. 7). The membranes were reused 
for four water harvesting/water releasing cycles. Fig. 8 
shows that there is not obvious change in water uptake of 
MOF-801/PES composite membranes (about 0.027 g g–1, or 
4.13 g m–2) in the four cycles, demonstrating excellent stabil-
ity and re-usability of the membranes. 

The comparison with other materials for water cap-
turing reported in literature was given in Table 1. It can 
be seen that the MOF-801/PES composite membranes 
showed higher water-uptake capacity than PIZOF-2, or 
comparable capacity with Cr-MOF-1. More importantly, 
the MOF-801/PES composite membranes can be easily 
scaled up. In practical applications, the plate MOF-801/

Fig. 7. Schematic of water harvesting/water releasing cycles.

Fig. 6. Adsorption kinetics MOF-801/PES composite membranes. (a) Evolution of water uptake. (b) Evolution of water uptake rates.

Fig. 8. Re-usability of membranes. 
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PES membranes can be curled into spiral modules with 
specific area of about 500 m2/m3. The adsorption of water 
can be conducted during cool night, and release can be 
carried out by sunlight heating during the warm day, and 
water harvest can be achieved by a condenser. In term of 
the water harvesting/water releasing data of MOF-801/
PES composite membranes (about 4.13 g m–2) in this study, 
1.5 L of water is expected to be obtained per day per m3 

without additional energy input. The practical water har-
vesting/releasing experiments are now being studied in 
our Lab.

4. Conclusions

MOF-801/PES composite membranes were prepared for 
water harvesting from air for the first time. The water uptake 
of membranes reaches a plateau after about 6 h, and the evo-
lution of water uptake rates can be divided into descending 
rate stage and constant rate stage. The water-uptake capac-
ity positively correlates with the porosity of membranes. 
Under the optimized membrane formation conditions (60% 
RH, MOF-801 content of 30%), the membranes displays high 
water uptake (about 0.027 g g–1, or 4.13 g m–2) under 24% ± 
2% RH (17 ± 2°C) and excellent re-usability, demonstrating 
great potential in water harvesting from air. 
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