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With versatile chemical and engineering design, the more

attention of metal-organic framework (MOF) material is shifting

from its fundamental studies to industrial applications, such as

engineering MOF adsorbents and membranes for selective

guest capture and separations. Learned from zeolites, various

effective strategies in material design, adsorbents assembly,

and membranes fabrication have enabled the MOFs gradually

to approach high industrial standards, bearing their unique

chemical and physical properties. In this review, we focus on

the important factors that may affect the practical applications

of MOF adsorbents and MOF membranes.
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Introduction
Separation process, such as CO2 removal from natural gas,

chemicals purification, hydrocarbons separation and so

on, played significant roles in industry and daily life,

which cost more than 15% global energy production

[1]. Typically, the strategy of distillation was the first

choice in current processes of chemical industry. How-

ever, during the boiling process, the huge energy con-

sumption and possible chemicals decomposition demand

rapid developing of effective and safe separation tech-

nologies. As two energy-efficient and cost-effectiveness

methods, adsorption-based and membrane-based separa-

tions have been considered as the most promising alter-

natives [2��,3,4]. Both have been investigated widely in

lab research and industrial development. To achieve

highly desirable separation, it is important to design

the rational process of unit operation and also to screen
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and synthesis the matched porous materials for relevant

targets.

Metal-organic framework (MOF) materials, built from

the coordination matrix of various organic linkers and

metal ion/clusters, have been emerged as a new kind of

platform for practical separation usage, as they usually

feature high surface area, tunable pore size/shape and

chemical diversity [5,6��,7��,8]. Remarkably, according to

the summary study of deposited structures on Cambridge

Structural Database, almost 70 000 MOFs have been

reported, such as the iso-reticular MOFs (IRMOFs)

[9], zeolitic imidazolate frameworks (ZIFs) [10] and

porous coordination polymers (PCPs) [11]. However, only

very a few of them are commercially available [12–14]. In

addition, in combining with their poor water stability,

crisp properties, and some engineering issues, such as

scale up synthesis, the development of MOF industriali-

zation remains not easy, but the future is bright [14], as

most of the ongoing challenges are addressing through

various versatile strategies and techniques [15]. Here, in

the following section, govern factors, progress and pro-

blems in the development of MOFs adsorbents and

membranes will be discussed.

MOF adsorbents
For MOF-based adsorptive separations, most reports

focused on selective adsorptions that derived from

the difference of their single-component measurements

[16–18]. A few studies reported the co-adsorption perfor-

mance for evaluating the capability of static mixtures

adsorption [19]. It should be noted that both of them

are equilibrium experiments. However, gas separation by

MOF adsorbents under dynamic condition, called pres-

sure swing adsorption (PSA), is more powerful process to

fully utilize the fixed-bed space and minimize the energy

request for regeneration [20]. Facing the high standard

chemical engineering applications, the candidate MOFs

should meet the following requests.

High selective uptake

In many porous materials, the phenomenon of trade-off

between adsorption capacity and selectivity makes them

difficult to achieve high separation efficiency. Therefore,

to maximize the separation capacity with high selectivity

is very important and challenging. Generally, the separa-

tion capacity depends upon the porosity and BET surface

area of involved MOF materials, while separation selec-

tivity lies on the preferred interaction from internal

porous surface toward specific component from mixtures
www.sciencedirect.com
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Typical strategies for enabling MOF absorbents with high gas uptake and gas selectivity: PCP-31/PCP-32 and their C2H2/CO2 separation (a–c);

SIFSIX-3-Ni/TIFSIX-2-Cu-i and their C2H2/CO2 separation (d–f); MOF with high/low spin Fe sites and its CO/N2 separation (g–i).

Reproduced with permission from Refs [22�,23�,24�].
or the molecule sieve effect. The simple integration of

these factors in a single domain doesn’t work well; in

contrast, the optimal material is not necessary the one

with highest surface area, but rather one with medium

specific surface area, which has high adsorption capacity

for a gas and less/no adsorption to another gas. For

example, adsorptive separation of C1 methane from C2

and C3 hydrocarbons is comparatively easier, given the

fact that methane is the smallest molecule and therefore

has weaker interactions with microporous MOF adsor-

bents [21]. However, facing the extremely difficult sepa-

ration of C2H2 and CO2 (similar size and physicochemical

properties) mixtures, the general MOFs showed good gas

uptakes with low selectivity, as they show very similar

adsorption isotherms. To overcome these issues, a new

kind of mesoporous MOFs with increased density of

open metal site was rational established [22�]. The prom-

ising structural characteristics (apparent surface area:

2800 m2 g�1 and high dense open metal site:

3.76 mmol g�1) enables PCP-31 to show highest selective

and effective enrichment of C2H2 from C2H2/CO2
www.sciencedirect.com 
mixtures at 298 K (Figure 1a–c). But for process of kinetic

separation, the function of pore size and effective sites

was further amplified, while, the surface area effect of the

material is weakened as the accumulated sample bed can

compensate for this defect. Zaworotko group developed

two hybrid ultramicroporous materials of SIFSIX-3-Ni

(220 m2 g�1) and variant TIFSIX-2-Cu-i (680 m2 g�1)

with distinct sorbate binding sites and lower surface area

that exhibit exceptional CO2/C2H2 and C2H2/CO2 selec-

tivity [23�]. SIFSIX-3-Ni sets a benchmark for CO2/C2H2

selectivity at low partial pressures, whereas TIFSIX-2-

Cu-i ranks among the best porous materials in the context

of C2H2/CO2 selectivity. This yin-yang inversion of selec-

tivity can be rationalized to the distinct sorbate binding

sites in SIFSIX-3-Ni (favorable C–H���F interaction for

C2H2 versus single SiF62� binding site for CO2) and

TIFSIX-2-Cu-I (two TiF6
2� bind a C2H2 versus one

TiF6
2� bind a CO2), as revealed by Grand canonical

Monte Carlo (GCMC) simulations studies. The separa-

tion performances of them were well confirmed by

dynamic breakthrough experiment (Figure 1d–f). For
Current Opinion in Chemical Engineering 2018, 20:122–131
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further promoting the separation capability, recent stud-

ies showed that MOF materials that exhibit cooperative

binding sites have substantial energetic benefits over

traditional adsorbents. Based on this idea, Long group

reported high selective adsorption of CO in a series of

MOFs featuring coordinatively unsaturated iron(ii) sites

[24�]. These materials exhibit large CO separation capac-

ities with only small changes in temperature, as the Fe-

MOF undergoes spin-state transition above a threshold

CO pressure (Figure 1g–i). In addition, as another process

of cooperative adsorption, the sharp adsorption step was

also observed in the MOFs with coordinated amine

species. This is because CO2 molecules can insert into

metal-amine bonds to form ammonium carbamate chains

[25]. As a consequence, those series of versatile strategies

can enable the MOF adsorbents to achieve high effi-

ciency for various separations not only in equilibrium but

also under kinetic conditions.

MOF prilling

Due to the small crystallites or powder of as-synthesized

MOFs (cannot be put to use in most applications), the

prilling process is one of the main challenges, which offers

great promotion for feasible industrialization of MOF

materials [26]. The shaped MOFs can not only increase

the packing density of MOF powders from typically 0.2–

0.4 g cm�3 to 0.5–0.8 g cm�3, but also not be easily blown

away as its microparticles [27]. The prilling process made

the target features good resistance to pressure (2–100 N),

and also keeps the size of the body in the range of 1.5–

50 mm in all directions [28]. As far as the reported prilling

process of zeolites, spherical or cylindrical bodied are

preferred. In addition, the pellets, hollow bodies and

honeycombs are also acceptable.

To fulfill the prilling process, two main methods, such as

mechanical pressing of the powder materials with or

without binders and compacting of moistened powdery

materials by rotating movements, can be employed.

Generally, an organic viscosity-enhancing compound

for converting the materials into a paste can be added

to the MOFs, with the mixture being subsequently

compacted in a mixing or kneading apparatus or an

extruder. Preferably, the dried binder has porosity for

guest diffusion. Importantly, no matter what kind of

binders used, the highest priority is to keep the original

porosity during shaping the MOFs. Such as, ZIF-8 pel-

lets, produced by Bazer-bachi, have good surface area

(1300 m2/g) and force resistance (0.7 daN/mm) [29].

Interestingly, Fairen-Jimenez reported the sol–gel strat-

egy for engineering HKUST-1 to form pure monolithic

structures of up to about 1 cm3 in size without using high

pressures or additional binders. The shaped HKUST-1

with lower gravimetric BET areas (1193 m2/g) showed

significant enhanced CH4 uptake (259 cm3/cm3) and

mechanical robustness [30].
Current Opinion in Chemical Engineering 2018, 20:122–131 
Water stability

Despite the good separation capacity and good selectiv-

ity, assessing MOF adsorbents to be feasible candidate for

gas separation requires rational design and understanding

of good water stable MOF materials [31��,32]. This is

because the practical separations, such as production of

light hydrocarbons and selective carbon dioxide capture

from flue gas systems, contain varied degree and even

saturated water vapour [33]. According to comprehensive

surveys of precise MOF structure and their water stability

tests, two main strategies were believed as good choice for

preparing stable MOF materials: firstly, introducing

stronger coordination bonds between the ligands with

high pKa value and/or the metals with high oxidation

state [20,34,35]; secondly, installing hydrophobic moiety

around the coordination sites or on the surface of the

crystals [15,36]. In addition, the ligand rigidity, metal

coordination geometry and network interpenetration

can also influence the final framework stability. Among

the strategies, a hierarchy sequence will significantly help

in designing stable MOFs. In other words, if stronger

coordination bonds exist in the generated MOFs, other

factors can be ignored. However, if stronger connection is

not formed, introducing hydrophobic moiety and/or com-

bining relevant structural factors could benefit the prep-

aration of stable MOFs. For example, a chemically stable

MOF (NbOFFIVE-1-Ni) was designed by utilizing fluo-

rinated ligand in Eddaoudi group (strong Ni–N coordina-

tion bond and hydrophobic ligands) [7��]. The restricted

window of this MOF, enclosing a periodic array of fluoride

anions in contracted square-shaped channels, resulted in

high selective molecular exclusion of propane from pro-

pylene at atmospheric pressure. This is a typical example

of water stable MOF that has significant effect of molec-

ular sieve effect.

Scale up synthesis

As high potential absorbent, large scale and efficient

MOF production is one of the crucial pre-requisite for

accessing its practical application (Table 1). Typically,

solvothermal reaction, as the most popular method for

MOFs synthesis, is known as the heating of mixed metal

salt and organic linker within corresponded solution in a

sealed reaction vessel. During reaction, the higher tem-

perature and auto generated pressure promote the solu-

bility of involved coordination segments, nucleation

growth and final assembly in high crystalline manner.

However, the barriers of which remain difficult to over-

come, as the extended long reaction time (at least several

hours or days) and large amount solvents consumption.

Scale up synthesis inclined to produce different product,

even the synthesis conditions are same as that of the small

vessels reaction (proceed well for MOF screening in lab

scale). Following the rapid development of MOF chem-

istry, solvent limitation has been overcome by alternative

method of mechanochemical synthesis [37]. Ball milling

technique promotes the MOF formation with high
www.sciencedirect.com
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Table 1

Summary the advantages and disadvantages of series of methods for scale up MOF synthesis

Methods Advantages Disadvantages Refs.

Solvothermal reaction 1. Promote the solubility of involved segments,

2. Nucleation growth,

3. High crystallinity.

1. Long reaction time,

2. Large amount solvents,

3. Easy to produce byproduct.

[20,22]

Mechanochemical synthesis 1. High efficiency (kilograms per day),

2. Less or no solvents.

1. Decreased pore volume

2. Lower crystalline.

[37]

Electrochemical synthesis 1. Continuous operation,

2. Lower demand of solvents,

3. Mild reaction conditions.

4. Short reaction time.

1. Under N2 atmosphere,

2. Varied structure,

3. Lower yield.

[38,43]

Continuous flow chemistry 1. Rapid synthesis (mins or hours),

2. Good porosity,

3. Controllable particle morphology.

1. Easy to produce byproduct,

2. Difficulty in MOF isolation,

3. Large amount solvents.

[39,40]
efficiency (kilograms per day) from mixture of metal salts

and organic linkers, but leads to decreased pore volume

frequently, as the synthesis conditions are obstacle to the

formation of high crystalline and porous structures. Elec-

trochemical synthesis, as another attractive and viable

method, showed continuously operation and lower

demand of solvents treating [38]. Interestingly, continu-

ous flow chemistry showed significant advantages for the

scale up synthesis of MOF materials [39,40]. A continu-

ous flow reactor comprises the continuous pumping of

starting materials into a tubular reactor and the isolation of

products. Despite the rapid synthesis (several mins or

hours), the generated MOFs could keep well of its

inherent surface area and also allow excellent control

of the particle morphology. For example, the high porous

MOFs of HKUST-1 (1670 m2/g) [41], NOTT-400

(1070 m2/g) [42] and UiO-66 (1100 m2/g) [43] can be

prepared within 5–15 min under defined and easy con-

trolled conditions. However, the two factors that consist

of processing of crucial reaction mixtures for pure MOF

isolation and solvents recycling made the continuous flow

chemistry problematic to develop.

Reusability of MOF

As efficient absorbents, the persistent reusability is very

important, as it could affect the finical issue of the

involved industry. For MOF absorbents, the reusability

is directly related to the water/chemical stability of the

frameworks and also the condition of adsorption and

regeneration. For example, the water stable NTU-14

could keep stable dynamic CO2 uptakes during 10 cycles

in the temperature range of 293–393 K [15]. Fe-MOF-74

showed extremely steep O2 adsorption at 298K (9.3 wt%

at 0.01 bar). But, the strong connection of open Fe sites

and O2 molecules makes the regeneration difficult. The

increased temperature, up to 473 K under dynamic vac-

uum, ultimately leads to decomposition of the framework.

However, when the adsorption occurred under 211 K, the

amount of adsorbed O2 decreased only 0.7 wt% after eight

cycles of experiments [44]. Facing selective water cap-

ture, the Y-shp-MOF-5 exhibits hundreds of adsorption/
www.sciencedirect.com 
desorption cycles without loss of efficiency [45]. More

interestingly, the well-constructed devices based on

MOF-801 can capture 2.8 l of water per kilogram of

MOF daily from the atmosphere at ambient conditions.

During the 80 cycles, the device showed stable moisture

capture [46].

In addition, for compressed MOF absorbents, the capil-

lary forces and the penetration of the solvents can destroy

the original shape. In the other words, such kind absor-

bents are not suitable for the usage in presence of water or

liquid solvents. However, the mechanical strength of

shaped MOFs that conferred by polymer binders can

withstand for long time, as the polymer binders are not

easy to be solved by water or common organic solvents.

Despite the problems, the rational selection of MOF

structure, working/regeneration conditions and separa-

tion targets would significantly promote the key indica-

tors of MOF absorbents, such as efficiency, reusability

and perdurability.

Facing the important factors we mentioned above, the

design or selection of MOF absorbent and membrane

should follow the consideration of target composition and

working environment. For example, the MOFs with right

pore size, good water stability and hydrophilic interior

surfaces are more preferred for moisture capture in air

even at low humidity. To further improve the capacity,

the pores should be large enough, but not so big, as the

water condensation will clog the pore. Distinctly, ultra-

microporous MOFs (5–7 Å) exhibited excellent perfor-

mances for some challenge separations. This is because

the well-defined structural features of small pore size with

diverse shapes, varied flexibility/rigidity and functionality

have close connection with the nature properties of the

adsorptive gas molecules.

MOF membranes
For MOF-based polycrystalline membranes, due to

MOF’s exceptional thermal and chemical stabilities cou-

pled with ultra-microporosity, more interests moved from
Current Opinion in Chemical Engineering 2018, 20:122–131
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their synthesis strategies to potential separation applica-

tions. In view of this, water-resistant MOF membranes

are essential for gas/liquid separations. Membranes with

high gas-permeance and selectivity are desired to cut

down process-cost. The easy scale-up for MOF mem-

brane is also an important factor to determine the suc-

cessful implement of the potential application.

Improved selectivity

Similar to the polycrystalline zeolite membrane, defect-

free membrane is one of the main challenges in obtaining

highly selective MOF membranes, mainly due to the

difficulty in controlling their microstructures of polycrys-

talline membranes (e.g. grain boundary structure). By

optimizing synthesis parameters, Jin et al. [47��] found

that the evaporation of solvent inside the cavity of ZIF-78

framework to activate porosity of ZIF-78 membrane is

vital for the appearance of defects, similar to template

removing in zeolite membrane. Pan and Lai [48] also

systematically investigate the influence of evaporation

rate of solvent in ZIF-8 membrane on the quality of

membrane for C3H6/C3H8 separation. They found that

the slower the evaporation the better the quality. Finally

the saturated-solvent activation method was applied for

activation of ZIF-8 membrane, which exhibit a separation

factor of 90 for equal-molar C3H6/C3H8 mixtures. Pan

et al. [49] also prepared high-quality ZIF-67 membranes

for the effective separation of propylene/propane mix-

tures. Due to the tiny contraction of effective pore aper-

ture of the parent ZIF-67 framework by zinc-substitution,

the separation factor for propylene/propane mixtures was

significantly improved on zinc-substituted ZIF-67 poly-

crystalline membranes with the increase in the zinc

content.

In addition, the defect-abatement strategy is also prom-

ising for improving the separation selectivity on MOF

membranes. Huang and Caro [50] first used graphene

oxide (GO) nano-sheets to seal the gaps between ZIF-8

crystals by virtue of its capillary forces and covalent

bonds, improving the hydrogen selectivity on the ZIF-

8/GO composite membrane. Recently, Pan and Li [51��]
found that the polydimethylsiloxane (PDMS) coating on

ZIF-8 membrane can significantly improve the separation

selectivity for C3H6/C3H8 from 3 (original selectivity on

pristine ZIF-8 membrane) to 55 without any sacrifice of

gas permeance. The sharp raise of this performance is due

to not only the blockage of the intercrystalline defects by

PDMS layer but also the hindering of flexibility of the

ZIF-8 framework, resulting in an unusual and highly

desired increase in the separation selectivity of C3H6/

C3H8 mixture under high feeding pressure (Figure 2a).

Improved permeance

The gas permeance, as another important factor, deter-

mines the separation performance of MOF membrane,

which is related to the membrane thickness for defect
Current Opinion in Chemical Engineering 2018, 20:122–131 
free membranes. However, thinner membrane could give

poor selectivity due to more inter-crystalline defects.

Fine-adjustment of the composition of synthesis solution

and synthesis conditions to decrease the thickness of

MOF membrane will be important for greater separation

efficiency in real-world processes.

Recently, Jeong et al. [52] proposed a defect-induced

ripening of seeds through vapor-phase secondary growth

for the successful fabrication of ultrathin ZIF-8 mem-

brane. Following the Ostwald-ripening-like crystal

growth mechanism, in the presence of a ligand vapor,

the pre-adsorbed seeds will grow bigger at the expense of

smaller ones. Then, the crystals will inter-grow to form a

continuous ZIFs layer through a vapor-phase secondary

growth. The thickness of the resulting membrane is 300–

400 nm, and the separation factor for C3H6/C3H8 is

120. However, the reproducibility of this synthesis strategy

for high-quality MOF membrane is poor, since the poorly

packed seed crystals. Recently, Zeng and Zhang [53��]
proposed a gel–vapor deposition strategy for the successful

fabrication of high-quality ZIF-8 membranes with nano-

metre-thickness (�87 nm). Zinc precursor was first sol-gel

coated on the surface of PVDF hollow fiber to form zinc-gel

layer. Then this layer was transformed to ZIF-8 membrane

directly through the vapor-deposition of 2-methylimida-

zole by heat treatment (Figure 2b). The resulting ZIF-8

membrane exhibits Unprecedented H2 permeance of

�2 � 10�5 mol/m2 s Pa and H2/C3H8 selectivity of 3400.

Another route for preparing ultrathin MOF membrane is

to fabricate 2D MOF nanosheets on porous supports [54].

Li and Yang [55] first prepare the integral 2D MOF

(Zn2(benzimidazole)4) nanosheets using a gentle exfolia-

tion process, and then filter-stack these nanosheets on

porous support using hot-drop coating method. The

membrane exhibit excellent performance for H2 separa-

tion and can further sustain over 120 h. Successful in

fabricating ultrathin MOF (Cu(ndc)2(dabco)) membrane

have also been reported by Zhao et al. [56]. Beyond this

top-down method, bottom-up method was also applied

for the fabrication of MOF nanosheets [57,58�]. However,

it is still challenging for controlling the integrity and

purity of MOF nanosheets, and these ultrathin MOF

membranes also suffered from low mechanical stability.

In addition, Wang et al. [59�] proposed a strategy to

fabricate ultrathin and defect-free MOF membranes by

the secondary growth of a 2D hybrid ZIF-8/GO seeding

layer on porous support. The thickness of the resulting

composite membrane is 100 nm, and the selectivity for

H2/C3H8 is 405.

Improved stability

Most of MOF materials suffer from insufficient hydro-

thermal stability, and water-tolerant MOF materials are

desired for membrane application. Zirconium(IV)-car-

boxylate MOFs (Zr-MOFs) are considered as the
www.sciencedirect.com
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Figure 2
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(a) Defect-abatement of ZIF-8 polycrystalline membranes with the covering of PDMS layer was successfully implemented for the separation of

C3H6/C3H8 mixtures. (b) A gel-vapor deposition method was successfully applied for the fabrication of ultrathin and defect-free ZIF-8 membranes

for gas separation. (c) MOF (UiO-66) polycrystalline membrane was first reported for the desalination application. (d) Typical modules of MOF

polycrystalline membranes with scale-up areas was demonstrated on the inexpensive polymeric hollow fiber supports.

Reproduced with permission from Refs. [51��,53��,60��,72].
promising alternatives because of the strong bonding

energy between Zr(IV) atoms and carboxylate oxygens

[60��]. Li et al. [60��] have fabricated UiO-66

(Zr6O4(OH)4(BDC)6 (BDC: 1,4-benzene-dicarboxylate))

membranes on alumina hollow fibers using an in situ
solvothermal synthesis method. The resulting membrane

exhibited excellent multivalent ion rejection and good
www.sciencedirect.com 
permeability (Figure 2c). Subsequently, well-intergrown

UiO-66 metalorganic framework membranes also fabri-

cated on prestructured yttria-stabilized zirconia hollow

fibers are reported via controlled solvothermal synthesis

[61]. The resulting membrane remains robust during a

pervaporation stability test (�300 h), including exposure

to harsh environments (e.g. boiling benzene, boiling
Current Opinion in Chemical Engineering 2018, 20:122–131
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water, and sulfuric acid) where some commercial mem-

branes (e.g. zeolite NaA membranes) cannot survive.

Besides the exceptional chemical stability, the developed

UiO-66 membrane as a promising candidate for water

desalination. However, the aperture size of UiO-66 is

relatively large and not suitable for the gas-separation. Jin

et al. [62�] also developed a facile reactive seeding method

for improving the interfacial bonding between the MIL-

53 polycrystalline layer with the porous alumina support,

in which the porous support acted as the inorganic source

reacting with the organic precursor to grow a seeding

layer. The resulting MIL-53 membranes exhibit excel-

lent separation performance for H2/CO2 mixture and

water/ethyl acetate solution (7 wt% water). ZIF-8 materi-

als have attracted intensive research efforts in gas-sepa-

ration not only its ultra-microporous feature but also

robust stability, but they still can be hydrolyzed under

hydrothermal conditions. Lin et al. [63] improved the

stability of ZIF-8 membranes in water through utilization

of a ligand exchange post-modification method which

replaces methylimidazole ligands on the outer surface

of ZIF-8 membranes by the more hydrophobic, bulkier

5,6-dimethylbenzimidazole. Pan and Li [51��] also found

that the covering PDMS coating on the outer surface of

ZIF-8 membranes also can significantly improve the

stability of ZIF-8 membrane due to the intrinsic hydro-

phobicity of PDMS.

Scale-up fabrication

At earlier-state synthesis of MOF membrane, MOF

membranes were mostly made on inorganic supports

(discs or hollow fibers), which are generally too bulky

and expensive for industrial gas separation. The pristine

polymeric membranes and mixed-matrix membranes are

robust and processable, but these generally do not exhibit

sufficiently high gas selectivity and permeability, and,

perhaps more importantly, their performance diminishes

rapidly due to the plasticization [64]. Inorganic mem-

branes (zeolite, silicas or carbon molecular sieve) can

achieve high selectivity and permeability, but are difficult

to fabricate on a large-scale due to uncontrollable inter-

crystalline defects [65��,66,67]. Polymer substrates take

the advantage of low cost and high processing ability, and

hollow fiber polymer membrane modules can be fabri-

cated with large membrane areas. Therefore, polymer-

based MOF membrane is feasible for industrial separa-

tion application [68,69]. Nair et al. fist reported an inter-

facial microfluidic process to in situ grow ZIF-8 layer on

the inner side of the Torlon hollow fibers [65��]. Jin et al.
prepared well-intergrown ZIF-8 and ZIF-71 polycrystal-

line membrane on ceramic hollow fiber support [47��,70].
The membrane synthesized on the inner side of the

support is more feasible for safe-installation into the

membrane modules. The fabricated continuous ZIF-8

membranes had good H2/C3H8 separation factors of

370. Coronas et al. [71] used similar method for the

successful fabrication of ZIF-7 membranes, which exhibit
Current Opinion in Chemical Engineering 2018, 20:122–131 
high separation performance for CO2/N2 mixtures. For

the concept of scale-up, larger modules with multiples

MOF (CuBTC and ZIF-8) hollow fibers membranes were

also successfully prepared (Figure 2d) [72]. Besides, the

gel–vapor deposition methodology is often employed for

the in situ production of MOF hollow fiber membrane

module, which may well prevent the breakage during

preparation and installation [53��].

Although MOF membranes have demonstrated attractive

performance in previous studies, there is still a long way

to go before these materials can be industrialized and

commercialized. More importantly, simple, low-cost

methods are being developed to prepare more types of

large-scale MOF membrane on economical supports. The

fabrication of ultrathin defect-free membrane remains

crucial to enhance the separation performance. Their

stability and cracking problems may be solved by improv-

ing the interfacial compatibility between the polycrystal-

line layer with the porous support or block the inter-

crystalline defects by polymer coating. We also believe

that, with more research effort, MOF membranes will be

further extended into other unexplored fields.

Conclusions
Given the exciting chemical/structural variability and

remarkable porosity, MOFs have been proposed and

exploited as adsorbents for industrial gas separations

and also as promising platform for high-performance

membranes. The pore structure and structural stability

of MOF adsorbents and membranes are affected by the

physicochemical properties of the hybrid materials, which

result in incomparably separation performance. Molecu-

lar design of MOFs and post-treatment of MOF mem-

branes using various strategies have enhanced the sepa-

ration performance. However, the stability and scale-up

fabrication of MOF materials will still need to be further

studied before practical applications.

Conflict of interest statement
Nothing declared.

Acknowledgements
Authors acknowledge the financial supports from National Natural Science
Foundation of China (Grant Nos. 21490585, 21406106, 21671102, 21776124,
21776125, 51861135203), Natural Science Foundation of Jiangsu Province
(BK20161538), the Innovative Research Team Program by the Ministry of
Education of China (Grant No. IRT17R54) and the Topnotch Academic
Programs Project of Jiangsu Higher Education Institutions (TAPP).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Sholl DS, Lively RP: Seven chemical separations to change the
world. Nature 2016, 532:435-437.
www.sciencedirect.com

http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0365
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0365


MOF for separation Duan et al. 129
2.
��

Furukawa H, Cordova KE, O’Keeffe M, Yaghi OM: The chemistry
and applications of metal-organic frameworks. Science 2013,
341:974-986.

The paper provides a comprehensive review of exceptional advantages
of reticular chemistry in MOF structural design. MOF related applications
were also discussed.

3. Liu GP, Jin WQ, Xu NP: Graphene-based membranes. Chem Soc
Rev 2015, 44:5016-5030.

4. Koros WJ, Zhang C: Materials for next-generation molecularly
selective synthetic membranes. Nat Mater 2017, 16:289-297.

5. Yang SH, Ramirez-Cuesta AJ, Newby R, Garcia-Sakai V,
Manuel P, Callear SK, Campbell SI, Tang CC, Schroder M:
Supramolecular binding and separation of hydrocarbons
within a functionalized porous metal-organic framework. Nat
Chem 2015, 7:121-129.

6.
��

Nugent P, Belmabkhout Y, Burd SD, Cairns AJ, Luebke R,
Forrest K, Pham T, Ma SQ, Space B, Wojtas L, Eddaoudi M,
Zaworotko MJ: Porous materials with optimal adsorption
thermodynamics and kinetics for CO2 separation. Nature 2013,
495:80-84.

This paper reports the MOFs absorbents with optimal adsorption ther-
modynamics and kinetics for CO2 separation. The intergral structural
properties were developed in this work.

7.
��

Cadiau A, Adil K, Bhatt PM, Belmabkhout Y, Eddaoudi M: A metal-
organic framework-based splitter for separating propylene
from propane. Science 2016, 353:137-140.

This paper shows the fabrication of a chemically stable fluorinated MOF
material, containing free-rotating pyrazine moieties that result in excep-
tional molecular exclusion of propane from propylene at atmospheric
pressure.

8. Cui XL, Chen KJ, Xing HB, Yang QW, Krishna R, Bao ZB, Wu H,
Zhou W, Dong XL, Han Y, Li B, Ren QL, Zaworotko MJ, Chen BL:
Pore chemistry and size control in hybrid porous materials for
acetylene capture from ethylene. Science 2016, 353:141-144.

9. Eddaoudi M, Kim J, Rosi N, Vodak D, Wachter J, O’Keeffe M,
Yaghi OM: Systematic design of pore size and functionality in
isoreticular MOFs and their application in methane storage.
Science 2002, 295:469-472.

10. Banerjee R, Phan A, Wang B, Knobler C, Furukawa H, O’Keeffe M,
Yaghi OM: High-throughput synthesis of zeolitic imidazolate
frameworks and application to CO2 capture. Science 2008,
319:939-943.

11. Kitagawa S, Kitaura R, Noro S: Functional porous coordination
polymers. Angew Chem Int Ed 2004, 43:2334-2375.

12. Czaja AU, Trukhan N, Muller U: Industrial applications of metal-
organic frameworks. Chem Soc Rev 2009, 38:1284-1293.

13. Chen YF, Huang XQ, Zhang SH, Li SQ, Cao SJ, Pei XK, Zhou JW,
Feng X, Wang B: Shaping of metal-organic frameworks: from
fluid to shaped bodies and robust foams. J Am Chem Soc 2016,
138:10810-10813.

14. Cordova KE, Yaghi OM: The ‘folklore’ and reality of reticular
chemistry. Mater Chem Front 2017, 1:1304-1309.

15. Cheng FJ, Li QQ, Duan JG, Hosono N, Noro S, Krishna R, Lyu HL,
Kusaka S, Jin WQ, Kitagawa S: Fine-tuning optimal porous
coordination polymers using functional alkyl groups for CH4

purification. J Mater Chem A 2017, 5:17874-17880.

16. An J, Geib SJ, Rosi NL: High and selective CO2 uptake in a
cobalt adeninate metal-organic framework exhibiting
pyrimidine- and amino-decorated pores. J Am Chem Soc 2010,
132:38-39.

17. Chen ZJ, Adil K, Weselinski LJ, Belmabkhout Y, Eddaoudi M: A
supermolecular building layer approach for gas separation
and storage applications: the eea and rtl MOF platforms for
CO2 capture and hydrocarbon separation. J Mater Chem A
2015, 3:6276-6281.

18. Nguyen NTT, Furukawa H, Gandara F, Nguyen HT, Cordova KE,
Yaghi OM: Selective capture of carbon dioxide under humid
conditions by hydrophobic chabazite-type zeolitic imidazolate
frameworks. Angew Chem Int Ed 2014, 53:10645-10648.
www.sciencedirect.com 
19. Sato H, Kosaka W, Matsuda R, Hori A, Hijikata Y, Belosludov RV,
Sakaki S, Takata M, Kitagawa S: Self-accelerating CO sorption
in a soft nanoporous crystal. Science 2014, 343:167-170.

20. Duan JG, Higuchi M, Horike S, Foo ML, Rao KP, Inubushi Y,
Fukushima T, Kitagawa S: High CO2/CH4 and C2 hydrocarbons/
CH4 selectivity in a chemically robust porous coordination
polymer. Adv Funct Mater 2013, 23:3525-3530.

21. He YB, Krishna R, Chen BL: Metal-organic frameworks with
potential for energy-efficient adsorptive separation of light
hydrocarbons. Energy Environ Sci 2012, 5:9107-9120.

22.
�

Duan JG, Higuchi M, Zheng JJ, Noro SI, Chang IY, Hyeon-Deuk K,
Mathew S, Kusaka S, Sivaniah E, Matsuda R, Sakaki S,
Kitagawa S: Density gradation of open metal sites in the
mesospace of porous coordination polymers. J Am Chem Soc
2017, 139:11576-11583.

This paper shows the stabilizing of two high-porosity meso-MOFs with
high surface area, ultrahigh porosity, and high denseopen metal site. The
generated MOFs enable chanllenage C2H2/CO2 separation.

23.
�

Chen KJ, Scott HS, Madden DG, Pham T, Kumar A, Bajpai A,
Lusi M, Forrest KA, Space B, Perry JJ, Zaworotko MJ: Benchmark
C2H2/CO2 and CO2/C2H2 separation by two closely related
hybrid ultramicroporous materials. Chemistry 2016, 1:753-765.

This paper demonstrates the benchmark C2H2/CO2 and CO2/C2H2

separation by tuning the pore-size and surface chemistry in two MOFs.

24.
�

Reed DA, Keitz BK, Oktawiec J, Mason JA, Runcevski T, Xiao DJ,
Darago LE, Crocella V, Bordiga S, Long JR: A spin transition
mechanism for cooperative adsorption in metal-organic
frameworks. Nature 2017, 550:96-100.

This work reports the cooperative CO adsorption by untilizing the Fe-MOF
absorbent with unique spin state tranformtion.

25. Siegelman RL, McDonald TM, Gonzalez MI, Martell JD, Milner PJ,
Mason JA, Berger AH, Bhovvn AS, Long JR: Controlling
cooperative CO2 adsorption in diamine-appended
Mg2(dobpdc) metal-organic frameworks. J Am Chem Soc 2017,
139:10526-10538.

26. Bazer-Bachi D, Harbuzaru B, Lecolier E. Process for preparing a
mof shaped with a hydraulic binder by liquid-free pelleting or by
granulation, having improved mechanical properties. Patents:
2015, WO 2015/048489 A1.

27. Mueller U, Schubert M, Teich F, Puetter H, Schierle-Arndt K,
Pastre J: Metal-organic frameworks — prospective industrial
applications. J Mater Chem 2006, 16:626-636.

28. Dolan W, Garbotz C, Lack A, Lynch J, Marx S, Mueller U,
Santamaria M, Weickert M. Process for improving efficiencies of
gas systems using a compressor. Patents: 2015, US 2015/
0344364 A1.

29. Mueller U, Lobree L, Hesse M, Yaghi O, Eddaoudi M. Shaped
bodies containing metal-organic frameworks. Patents: 2005, US
2003/0222023 A1.

30. Tian T, Zeng ZX, Vulpe D, Casco ME, Divitini G, Midgley PA,
Silvestre-Albero J, Tan JC, Moghadam PZ, Fairen-Jimenez D: A
sol–gel monolithic metal-organic framework with enhanced
methane uptake. Nat Mater 2018, 17:174-179.

31.
��

Duan JG, Jin WQ, Kitagawa S: Water-resistant porous
coordination polymers for gas separation. Coord Chem Rev
2017, 332:48-74.

This review summarizes the strategies with different hierarchy for pre-
paring water stable MOFs. Stable MOF based selective gas captures and
membrane separations were also discussed.

32. Burtch NC, Jasuja H, Walton KS: Water stability and
adsorption in metal-organic frameworks. Chem Rev 2014,
114:10575-10612.

33. Cheng JY, Wang P, Ma JP, Liu QK, Dong YB: A nanoporous Ag(I)-
MOF showing unique selective adsorption of benzene among
its organic analogues. Chem Commun 2014, 50:13672-13675.

34. Colombo V, Galli S, Choi HJ, Han GD, Maspero A, Palmisano G,
Masciocchi N, Long JR: High thermal and chemical stability in
pyrazolate-bridged metal-organic frameworks with exposed
metal sites. Chem Sci 2011, 2:1311-1319.
Current Opinion in Chemical Engineering 2018, 20:122–131

http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0370
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0370
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0370
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0375
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0375
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0380
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0380
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0385
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0385
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0385
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0385
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0385
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0390
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0390
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0390
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0390
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0390
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0395
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0395
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0395
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0400
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0400
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0400
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0400
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0405
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0405
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0405
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0405
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0410
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0410
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0410
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0410
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0415
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0415
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0420
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0420
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0425
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0425
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0425
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0425
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0430
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0430
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0435
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0435
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0435
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0435
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0440
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0440
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0440
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0440
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0445
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0445
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0445
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0445
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0445
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0450
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0450
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0450
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0450
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0455
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0455
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0455
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0460
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0460
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0460
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0460
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0465
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0465
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0465
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0470
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0470
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0470
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0470
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0470
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0475
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0475
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0475
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0475
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0480
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0480
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0480
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0480
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0485
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0485
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0485
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0485
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0485
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0495
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0495
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0495
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0510
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0510
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0510
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0510
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0515
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0515
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0515
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0520
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0520
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0520
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0525
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0525
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0525
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0530
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0530
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0530
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0530


130 Separation engineering: MOFs, COFs covalent organic frameworks
35. Qin JS, Du DY, Guan W, Bo XJ, Li YF, Guo LP, Su ZM, Wang YY,
Lan YQ, Zhou HC: Ultrastable polymolybdate-based metal
organic frameworks as highly active electrocatalysts for
hydrogen generation from water. J Am Chem Soc 2015,
137:7169-7177.

36. Yang C, Kaipa U, Mather QZ, Wang XP, Nesterov V, Venero AF,
Omary MA: Fluorous metal-organic frameworks with superior
adsorption and hydrophobic properties toward oil spill
cleanup and hydrocarbon storage. J Am Chem Soc 2011,
133:18094-18097.

37. Klimakow M, Klobes P, Thunemann AF, Rademann K,
Emmerling F: Mechanochemical synthesis of metal-organic
frameworks: a fast and facile approach toward quantitative
yields and high specific surface areas. Chem Mater 2010,
22:5216-5221.

38. Yang HM, Song XL, Yang TL, Liang ZH, Fan CM, Hao XG:
Electrochemical synthesis of flower shaped morphology
MOFs in an ionic liquid system and their electrocatalytic
application to the hydrogen evolution reaction. RSC Adv 2014,
4:15720-15726.

39. Rubio-Martinez M, Hadley TD, Batten MP, Constanti-Carey K,
Barton T, Marley D, Monch A, Lim KS, Hill MR: Scalability of
continuous flow production of metal-organic frameworks.
ChemSusChem 2016, 9:938-941.

40. Batten MP, Rubio-Martinez M, Hadley T, Carey KC, Lim KS,
Polyzos A, Hill MR: Continuous flow production of metal-
organic frameworks. Curr Opin Chem Eng 2015, 8:55-59.

41. Kim KJ, Li YJ, Kreider PB, Chang CH, Wannenmacher N,
Thallapally PK, Ahn HG: High-rate synthesis of Cu-BTC metal-
organic frameworks. Chem Commun 2013, 49:11518-11520.

42. Rubio-Martinez M, Batten MP, Polyzos A, Carey KC, Mardel JI,
Lim KS, Hill MR: Versatile, high quality and scalable continuous
flow production of metal-organic frameworks. Sci Rep 2014,
4:5443.

43. Kumar RS, Kumar SS, Kulandainathan MA: Efficient
electrosynthesis of highly active Cu-3(BTC)(2)-MOF and its
catalytic application to chemical reduction. Micropor Mesopor
Mater 2013, 168:57-64.

44. Bloch ED, Murray LJ, Queen WL, Chavan S, Maximoff SN, Bigi JP,
Krishna R, Peterson VK, Grandjean F, Long GJ, Smit B, Bordiga S,
Brown CM, Long JR: Selective binding of O2 over N2 in a redox-
active metal-organic framework with open iron(II)
coordination sites. J Am Chem Soc 2011, 133:14814-14822.

45. AbdulHalim RG, Bhatt PM, Belmabkhout Y, Shkurenko A, Adil K,
Barbour LJ, Eddaoudi M: A fine-tuned metal-organic
framework for autonomous indoor moisture control. J Am
Chem Soc 2017, 139:10715-10722.

46. Kim H, Yang S, Rao SR, Narayanan S, Kapustin EA, Furukawa H,
Umans AS, Yaghi OM, Wang EN: Water harvesting from air with
metal-organic frameworks powered by natural sunlight.
Science 2017, 356:430-432.

47.
��

Dong XL, Huang K, Liu SN, Ren RF, Jin WQ, Lin YS: Synthesis of
zeolitic imidazolate framework-78 molecular-sieve
membrane: defect formation and elimination. J Mater Chem
2012, 22:19222-19227.

This paper first used solvent-saturated evaporation method to decrease
the inter-crystalline defects for ZIF-78 membranes. This strategy can be
applied for fabrication of other MOF polycrystalline membranes.

48. Pan YC, Liu W, Zhao YJ, Wang CQ, Lai ZP: Improved ZIF-8
membrane: effect of activation procedure and
determination of diffusivities of light hydrocarbons. J Membr
Sci 2015, 493:88-96.

49. Wang CQ, Yang FQ, Sheng LQ, Yu J, Yao KX, Zhang LX, Pan YC:
Zinc-substituted ZIF-67 nanocrystals and polycrystalline
membranes for propylene/propane separation. Chem
Commun 2016, 52:12578-12581.

50. Huang AS, Liu Q, Wang NY, Zhu YQ, Caro J: Bicontinuous
zeolitic imidazolate framework ZIF-8@GO membrane with
enhanced hydrogen selectivity. J Am Chem Soc 2014,
136:14686-14689.
Current Opinion in Chemical Engineering 2018, 20:122–131 
51.
��

Sheng LQ, Wang CQ, Yang F, Xiang L, Huang XJ, Yu J, Zhang LX,
Pan YC, Li YS: Enhanced C3H6/C3H8 separation performance
on MOF membranes through blocking defects and hindering
framework flexibility by silicone rubber coating. Chem
Commun 2017, 53:7760-7763.

This paper shows that the covering of PDMS layer on ZIF-8 polycrystalline
membranes can effectively blocking defects and hindering framework
flexibility of ZIF-8 crystals. This defect-abatement strategy is useful for
reparing other MOF polycrystalline membrane with some concentration
of defects.

52. Kwon HT, Jeong HK, Lee AS, An HS, Lee T, Jang E, Lee JS, Choi J:
Defect-induced ripening of zeolitic-imidazolate framework
ZIF-8 and its implication to vapor-phase membrane synthesis.
Chem Commun 2016, 52:11669-11672.

53.
��

Li WB, Su PC, Li ZJ, Xu ZH, Wang F, Ou HS, Zhang JH, Zhang GL,
Zeng E: Ultrathin metal-organic framework
membrane production by gel-vapour deposition. Nat Commun
2017, 8:406.

This paper first reports the gel-vapor depositon mehtod to prepare
ultrathin ZIF-8 polycrystalline membrane with impressive separation
performance for H2/C3H6. The thickness of the membrane is only ca.
400 nm, and the permeance for H2 reach to the order of 10�5 mol/
m2 s Pa, exhibiting promising for potential large-scale application.

54. Wang XR, Chi CL, Zhang K, Qian YH, Gupta KM, Kang ZX,
Jiang JW, Zhao D: Reversed thermo-switchable molecular
sieving membranes composed of two-dimensional metal-
organic nanosheets for gas separation. Nat Commun 2017,
8:14460.

55. Peng Y, Li YS, Ban YJ, Yang WS: Two-dimensional metal-
organic framework nanosheets for membrane-based gas
separation. Angew Chem Int Ed 2017, 56:9757-9761.

56. Kang ZX, Peng YW, Hu ZG, Qian YH, Chi CL, Yeo LY, Tee L,
Zhao D: Mixed matrix membranes composed of two-
dimensional metal-organic framework nanosheets for pre-
combustion CO2 capture: a relationship study of filler
morphology versus membrane performance. J Mater Chem A
2015, 3:20801-20810.

57. Zhan GW, Zeng HC: Synthesis and functionalization of oriented
metal-organic-framework nanosheets: toward a series of 2D
catalysts. Adv Funct Mater 2016, 26:3268-3281.

58.
�

Zhao MT, Wang YX, Ma QL, Huang Y, Zhang X, Ping JF, Zhang ZC,
Lu QP, Yu YF, Xu H, Zhao YL, Zhang H: Ultrathin 2D metal-
organic framework nanosheets. Adv Mater 2015, 27:7372-7378.

This paper first applied the bottom-up method to prepare 2D MOF
nanosheets with the aid of surfactants. Besides the top-down method,
this method open a new synthesis way to prepare 2D MOF nanosheets.

59.
�

Hu YX, Wei J, Liang Y, Zhang HC, Zhang XW, Shen W, Wang HT:
Zeolitic imidazolate framework/graphene oxide hybrid
nanosheets as seeds for the growth of ultrathin molecular
sieving membranes. Angew Chem Int Ed 2016, 55:2048-2052.

This paper first grow MOF crystals on the GO nanosheet, and use the
composite materials to prepare the ultrathin membranes with impressive
performance for gas separation.

60.
��

Liu XL, Demir NK, Wu ZT, Li K: Highly water-stable zirconium
metal organic framework UiO-66 membranes supported on
alumina hollow fibers for desalination. J Am Chem Soc 2015,
137:6999-7002.

This paper first reports the MOF polycrystalline membrane for
desalination.

61. Liu XL, Wang CH, Wang B, Li K: Novel organic-dehydration
membranes prepared from zirconium metal-organic
frameworks. Adv Funct Mater 2017, 27.

62.
�

Hu YX, Dong XL, Nan JP, Jin WQ, Ren XM, Xu NP, Lee YM: Metal-
organic framework membranes fabricated via reactive
seeding. Chem Commun 2011, 47:737-739.

This paper first report the ‘active-seeding’ method to effectively strenghth
the bonding between MOF layer and ceramic support.

63. Zhang HF, James J, Zhao M, Yao Y, Zhang YS, Zhang BQ, Lin YS:
Improving hydrostability of ZIF-8 membranes via surface
ligand exchange. J Membr Sci 2017, 532:1-8.

64. Bachman JE, Smith ZP, Li T, Xu T, Long JR: Enhanced
ethylene separation and plasticization resistance in
www.sciencedirect.com

http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0535
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0535
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0535
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0535
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0535
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0540
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0540
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0540
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0540
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0540
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0545
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0545
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0545
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0545
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0545
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0550
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0550
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0550
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0550
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0550
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0555
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0555
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0555
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0555
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0560
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0560
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0560
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0565
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0565
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0565
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0570
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0570
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0570
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0570
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0575
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0575
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0575
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0575
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0580
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0580
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0580
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0580
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0580
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0585
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0585
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0585
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0585
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0590
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0590
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0590
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0590
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0595
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0595
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0595
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0595
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0600
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0600
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0600
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0600
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0605
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0605
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0605
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0605
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0610
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0610
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0610
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0610
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0615
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0615
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0615
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0615
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0615
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0620
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0620
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0620
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0620
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0625
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0625
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0625
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0625
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0630
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0630
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0630
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0630
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0630
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0635
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0635
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0635
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0640
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0640
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0640
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0640
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0640
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0640
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0645
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0645
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0645
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0650
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0650
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0650
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0655
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0655
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0655
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0655
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0660
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0660
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0660
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0660
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0665
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0665
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0665
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0670
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0670
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0670
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0675
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0675
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0675
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0680
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0680


MOF for separation Duan et al. 131
polymer membranes incorporating metal-organic
framework nanocrystals. Nat Mater 2016,
15:845-849.

65.
��

Brown AJ, Brunelli NA, Eum K, Rashidi F, Johnson JR, Koros WJ,
Jones CW, Nair S: Interfacial microfluidic processing of metal-
organic framework hollow fiber membranes. Science 2014,
345:72-75.

This paper first use the microfludic technique to prepare MOF polycrystal-
line inner side of the polymeric hollow fiber support. This strategy provide
an facile method to prepare large membrane area of MOF membranes on
inexpensive supports.

66. Celebi K, Buchheim J, Wyss RM, Droudian A, Gasser P,
Shorubalko I, Kye JI, Lee C, Park HG: Ultimate permeation
across atomically thin porous graphene. Science 2014,
344:289-292.

67. Peng Y, Li YS, Ban YJ, Jin H, Jiao WM, Liu XL, Yang WS: Metal-
organic framework nanosheets as building blocks
for molecular sieving membranes. Science 2014,
346:1356-1359.

68. Hou JW, Sutrisna PD, Zhang YT, Chen V: Formation of
ultrathin, continuous metal-organic framework membranes
www.sciencedirect.com 
on flexible polymer substrates. Angew Chem Int Ed 2016,
55:3947-3951.

69. Eum K, Ma C, Rownaghi A, Jones CW, Nair S: ZIF-8
membranes via interfacial microfluidic processing in
polymeric hollow fibers: efficient propylene separation
at elevated pressures. ACS Appl Mater Interfaces 2016,
8:25337-25342.

70. Huang K, Dong ZY, Li QQ, Jin WQ: Growth of a ZIF-8 membrane
on the inner-surface of a ceramic hollow fiber via cycling
precursors. Chem Commun 2013, 49:10326-10328.

71. Cacho-Bailo F, Catalan-Aguirre S, Etxeberria-Benavides M,
Karvan O, Sebastian V, Tellez C, Coronas J: Metal-organic
framework membranes on the inner-side of a polymeric
hollow fiber by microfluidic synthesis. J Membr Sci 2015,
476:277-285.

72. Biswal BP, Bhaskar A, Banerjee R, Kharul UK: Selective
interfacial synthesis of metal-organic frameworks on a
polybenzimidazole hollow fiber membrane for gas separation.
Nanoscale 2015, 7:7291-7298.
Current Opinion in Chemical Engineering 2018, 20:122–131

http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0680
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0680
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0680
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0685
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0685
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0685
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0685
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0690
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0690
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0690
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0690
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0695
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0695
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0695
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0695
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0700
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0700
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0700
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0700
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0705
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0705
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0705
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0705
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0705
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0710
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0710
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0710
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0715
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0715
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0715
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0715
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0715
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0720
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0720
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0720
http://refhub.elsevier.com/S2211-3398(17)30060-6/sbref0720

	Metal-organic framework adsorbents and membranes for separation applications
	Introduction
	MOF adsorbents
	High selective uptake
	MOF prilling
	Water stability
	Scale up synthesis
	Reusability of MOF

	MOF membranes
	Improved selectivity
	Improved permeance
	Improved stability
	Scale-up fabrication

	Conclusions
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


