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ABSTRACT: Metal organic frameworks (MOFs) are supposed to be ideal additives for mixed matrix membranes (MMMs). In this arti-

cle one kind of MOFs, Cu3(BTC)2, is synthesized, then directly incorporated into a model polymer (UltemVR 1000) using N,N-dime-

thylacetamide as solvent. Cu3(BTC)2 particles are uniformly dispersed and there are no interfacial defects in the prepared MMMs

when Cu3(BTC)2 loading is not more than 35 wt %, seen in SEM images. Pure gas permeation tests show that gas permeability

increases obviously with Cu3(BTC)2 loading increase, while ideal selectivities of CO2/N2 and CO2/CH4 are almost unchanged. For

MMM with the best separation property, CO2 permeability increases about 2.6 times and CO2/N2 selectivity remains almost

unchanged. Results about gas diffusivity and solubility indicate that gas diffusivity and solubility make contribution to gas permeabil-

ity increase at the same time but in different ways. Gas permeation properties of MMMs are well predicted by Maxwell or Bruggeman

model. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40719.
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INTRODUCTION

Membrane separation technology has shown great application

potential in gas separation field such as air separation, hydrogen

and heavy hydrocarbon recovery, CO2 removal, and so on.1 At

present, organic polymers are the dominant materials for com-

mercially available gas separation membranes.2,3 However, their

performances are always restricted by the so-called Robeson

upper bound that generally comes from inevitable trade-off

between permeability and selectivity. As a result, the inorganic

membranes such as zeolite, carbon, and silica membranes are

receiving more attentions in recent years owing to their excel-

lent gas separation properties.4 However, some drawbacks have

inhibited their industrial application, such as tough defect-free

structure control, material fragility and low packing density.

Consequently, the concept of mixed matrix membranes

(MMMs) was proposed, and related researches started from the

1970s by adding 5A zeolite into polydimethylsiloxane (PDMS)

to form a heterogeneous membrane.5 They can combine the

advantages of organic and inorganic membranes, thus they are

expected to own easy operation capability as well as satisfactory

gas separation property.6

The inorganic particles, which are used as the additives for

MMMs, can be commonly classified into two types: porous

particles [such as molecular sieve,7,8 activated carbon, and

carbon nano-tubes (CNTs)9] and nonporous particles (like

nano-scale TiO2 and SiO2).10 Unfortunately, due to huge physi-

cal property difference between inorganic additives and organic

polymer, it would be quite difficult to fabricate a well-dispersed

and defect-free MMMs.11 Particle aggregation and interfacial

defects (large gaps between dispersed phase and continuous

phase, the size of gaps is much bigger than gas molecule size)

are the two major problems that would reduce gas selectivity of

the prepared MMMs.12 In order to mitigate their negative influ-

ences, the main efforts researchers are making include introduc-

ing functional groups onto polymer chain and modifying the

inorganic particles. The later is more commonly used while it

often causes gas permeability decrease. Recently, a new type of

synthetic porous materials known as metal organic frameworks

(MOFs) or porous coordination polymers (PCPs)13 have been

developed for MMM fabrication.

MOFs have large surface areas, tunable pore sizes, and strong

adsorption capability for special gases such as CO2. What’s

more, MOFs are inorganic–organic hybrid materials composed

of metals and organic ligands which could modify the compati-

bility between MOF particles and polymer matrix, thus they are

expected to be ideal additives for MMMs.14 Some reports have

revealed that even using unmodified MOFs as additives directly,
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gas separation properties of the prepared MMMs still were

obviously improved since the non-selective interfacial defects

have been suppressed greatly. For example, by introducing

MOF-515 and Cu-4,40-bipyridine hexafluoro-silicate16 into

MatrimidVR 5218, improved gas permeabilities were achieved

with CO2/CH4 selectivity remained unchanged.

Selecting proper combination of dispersed particles and poly-

mers matrix is a key factor for high-property MMM prepara-

tion. Cu3(BTC)2 (also named as HKTUS-117,18), as one kind of

MOFs, has large BET area (1482 cm2 g21), good thermal stabil-

ity (thermal decomposition temperature> 300�C), and high gas

adsorption capacity (means good gas permeation property),19–21

so it is supposed to be an ideal additive to prepare MMMs and

improve their gas separation properties. UltemVR 1000, a com-

mercially available polyetherimide with low price, has good

mechanical strength, excellent thermal and chemical stability.

When serving as membrane material, UltemVR 1000 shows excel-

lent gas selectivity, however, its gas permeability is a little low.

Thus, in this study Cu3(BTC)2 was directly added into

UltemVR 1000 to prepare Cu3(BTC)2/UltemVR 1000 MMMs (C/U

MMMs) and improve its gas permeability. Besides dispersed

particles and polymer matrix, solvent is another important fac-

tor for high-property (defect-free) MMM fabrication.22 To pre-

vent interfacial defects in MMMs, non-polar solvents such as

CH2Cl2, chloroform and benzene, which are not suitable to fab-

ricate asymmetric membranes, were employed in most MMM

preparations. In this article, N,N-dimethylacetamide (DMAc)

commonly applied in commercial asymmetric membrane fabri-

cation was used as solvent to fabricate defect-free C/U MMMs.

Pure gas permeation tests were applied to investigate the gas

permeability enhancements of C/U MMMs. What is more,

detailed analyses had been made regarding gas permeability

enhancement mechanism in terms of gas solubility and diffusiv-

ity in C/U MMMs. This article provided some information

about the intrinsic gas separation properties of C/U MMMs,

which will be necessary for hollow fiber membranes fabrication

in our continued efforts.

EXPERIMENTAL

Materials and Reagents

1,3,5-benzenetricarboxylic acid (H3BTC, AR) was obtained from

Aladdin Industrial Inc. Cu(NO3)2�3H2O, methanol, ethanol,

N,N-dimethylformamide (DMF), and N,N-dimethylacetamide

(DMAc) were purchased from Liaodong Chemical Reagent

Company, China. UltemVR 1000 polymer (Figure 1) was obtained

from GE Plastics and used as polymer matrix. H3BTC,

Cu(NO3)2�3H2O, ethanol, and DMF were used to synthesize

Cu3(BTC)2 (Figure 2) without any further purification. Metha-

nol and ID water were used to wash the synthesized Cu3(BTC)2.

DMAc was dehydrated by mixing with activated 4A molecular

sieve for at least 2 days before used for membrane fabrication,

the weight ratio of molecular sieve to DMAc was in the range

of 1/4 to 1/3. Gases for permeation tests are N2, O2, CH4, and

CO2 with purity of at least 99.9%.

Synthesis of Cu3(BTC)2

Cu3(BTC)2 was synthesized by a modification process described

by Liu et al.19 Certain amount of H3BTC was dissolved in the

mixed solution of DMF and ethanol, and at the same time

Cu(NO3)2�3H2O was dissolved in DI water with certain concen-

tration. Then Cu(NO3)2 aqueous solution was added into the

H3BTC/DMF/ethanol mixed solution slowly. The obtained solu-

tion was stirred at room temperature for 10 minutes, and then

poured into a Teflon lined steel autoclave (100 ml) and heated

at 85�C for 8 h. Cu3(BTC)2 crystal was obtained by filtration,

then it was washed with the mixture of ethanol/DI water and

methanol in sequence, and finally dried at 110�C for 24 h.

Preparation of Membranes

Both Cu3(BTC)2 and UltemVR 1000 polymer were dehydrated at

110�C for 24 h before membrane fabrication. The Cu3(BTC)2

powder was dispersed into DMAc with mechanical agitation.

UltemVR 1000 polymer was dissolved in DMAc to form a homo-

geneous solution. A “priming” technique was used to make the

Cu3(BTC)2 particles more compatible with the UltemVR 1000

polymer matrix and prevent interfacial defects. First, 10 wt% of

the total polymer solution was added into the Cu3(BTC)2 solu-

tion accompanying with mechanical agitation, then the residual

polymer was added in batches. When the polymer was com-

pletely added, further agitation and sonication were applied to

ensure the Cu3(BTC)2 mix well with the polymer. The

Cu3(BTC)2/UltemVR 1000 mixed solution was cast onto a clean

glass substrate and heated to evaporate the solvent. The formed

membranes were peeled off from the glass and further dried in

vacuum oven. The pure polymer membrane was fabricated in

the same process.

In this article, in most cases prepared Cu3(BTC)2/UltemVR 1000

MMMs will be expressed as C/U-X in which C and U represent

Figure 1. Chemical structure of UltemVR 1000.

Figure 2. Chemical structure of Cu3(BTC)2 (Cu, blue; C, gray; O, red; H,

white).17 [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Cu3(BTC)2 and UltemVR 1000 polymer respectively; X means

how much Cu3(BTC)2 is in Cu3(BTC)2/UltemVR 1000 MMMs in

unit of weight percentage, in other words, Cu3(BTC)2 loading.

By adjusting the amount of Cu3(BTC)2 added, C/U MMMs

with different Cu3(BTC)2 loadings were obtained, and the load-

ing was determined by eq. (1)

Cu3ðBTCÞ2 loadingðwt %Þ5 wt:Cu3ðBTCÞ2
wt:Cu3ðBTCÞ21wt:Ultem

� �
3100 ðwt %Þ

(1)

Characterization

The nitrogen sorption–desorption isotherm of Cu3(BTC)2 was

recorded using Autosorb IQ analyzer at liquid nitrogen (77K)

to calculate its BET surface area and total pore volume. Before

testing, sample was degassed under vacuum at 180�C for 18 h.

Thermal stabilities of Cu3(BTC)2 and prepared membranes were

analyzed by Thermo-gravimetric analysis (TGA) using

STA449F3 in the range of 25–800�C at a heat ratio of 10�C
min21 under N2 protection.

Power X-ray diffraction (XRD) of samples was carried out with

a D/Max2500 VB/PC spectrometer using Cu Ka radiation in the

range of 3–50� at a step of 5� min21 (40 kV, 200 mA) to ana-

lyze the structure of Cu3(BTC)2 particles and membranes.

The chemical structures of Cu3(BTC)2 and membranes were

determined by a Nicolet iS5 Fourier transform infrared spec-

troscopy (FTIR) spectrophotometer equipped with a single-

bounce attenuated total reflectance (ATR) accessory.

The cross-section scanning electron microscopy (SEM) images

of the C/U MMMs with different loadings were examined using

JSM6360-LV (20Kv). Before testing, the C/U MMMs were fro-

zen in liquid nitrogen, and broken off quickly. The cross sec-

tions of MMMs were coated with gold using a sputtering

system.

Gas Permeation Test

Gas permeation properties of membranes were tested by home-

made gas permeameter using variable-pressure constant-volume

method. First, membrane was set in a permeation cell, and the

whole test system was degasses at 35�C. Then, tested gas was

introduced on the upstream side, and the permanent pressure

on the downstream side was monitored using a MKS-Baratron

pressure transducer. When gas permeation reached steady state,

permeability (P) of O2, N2, CH4, and CO2 were calculated by

eq. (2)

P5
22414

A
3

V

RT
3

L

p
3

dp

dt
(2)

where, A is the membrane area (cm2), L is the membrane thick-

ness (cm), p is the upstream pressure (cmHg), V is the down-

stream volume (cm3), R is the universal gas constant [6236.56

cm3(STP) cmHg mol21 K21], T is the absolute temperature

(K), and dp/dt is the permeation rate (cmHg s21). All mem-

branes were tested at 35�C and 3.5 atm.

For the heterogeneous membranes, several kinds of models have

been developed to calculate their gas permeabilities, and

Maxwell model is the most commonly used one. According to

Maxwell model which proposes that the solid particles are

homogeneously dispersed in the continuous polymer matrix,

the effective gas permeability (Peff) of the MMMs can be deter-

mined by eq. (3)

Peff 5Pc

Pd12Pc22UdðPc2PdÞ
Pd12Pc1UdðPc2PdÞ

� �
(3)

where Pc is the gas permeability in the continuous phase and Pd

is the value for dispersed phase. Ad is the volume ratio of the

dispersed phase. When Pd >> Pc, the Maxwell model can be

abbreviated to eq. (4)

Peff 5Pc

112Ud

12Ud

� �
(4)

the Maxwell model assumes that the gas transport around dis-

persed particles are not affected by their neighbor particles, thus

it is only applicable to MMMs which have low additive loading.

In order to calculate the permeability of MMMs more accu-

rately, Bruggeman et al.23 developed a modified version of Max-

well model, which have considered the interactivity between the

nearby particles. The effective permeability (Peff) is determined

by eq. (5)

ðPeff=PcÞ2ðPd=PcÞ
12ðPd=PcÞ

� �
Peff

Pc

� �21=3

5 12Udð Þ (5)

when Pd >> Pc, eq. (5) could be abbreviated to eq. (6)

Peff

Pc

� �21=3

5ð12UdÞ (6)

the experimental data were compared with the gas permeabil-

ities calculated from Maxwell and Bruggeman model to find out

if the particles were as well dispersed in MMMs as models

proposed.

The ideal selectivity (ai/j) of two different gases (i and j) was

determined by eq. (7)

ai=j5Pi=Pj (7)

the gas transport through a dense polymeric membrane is usu-

ally described by solution–diffusion mechanism. Time-lag

method is commonly used to determine the pure gas diffusivity

(D), as shown in eq. (8)

D5L2=6h (8)

where L is the membrane thickness (cm) and h is lag time (s).

Gas solubility (S) is calculated by diffusion-solution model

(eq. (9)).

S5P=D (9)

All data of gas permeabilities, diffusivities, and solubilities for

membranes have been repeated and average values were finally

applied. The relative error for all data was within acceptable

range.

RESULTS AND DISCUSSION

Characterization

Surface Area of Cu3(BTC)2. Usually MOFs have outstanding

gas adsorption properties owing to their large surface areas; that

is why they could be used as additives to improve gas separation

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4071940719 (3 of 10)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


properties of MMMs. In this section, BET analysis was applied

to the prepared Cu3(BTC)2. As shown in Figure 3 it can be seen

that nitrogen adsorption–desorption isotherm of Cu3(BTC)2 fol-

lowed a typical type I isotherm which indicates the main parti-

tion of pores in the structure are in micro-level, and the result

is consistent with the literatures18,19,21,24 which reported the

pore size of Cu3(BTC)2 was in the range of 0.35–0.9nm. The

BET specific surface area and pore volume of the prepared

Cu3(BTC)2 calculated from the isotherm were equal or even

larger compared with the literatures (Table I). Thus, it can be

deduced that the gas adsorption capacity of Cu3(BTC)2 in this

article is comparable with the literature results which showed

high adsorption properties for various gases.21

Thermal Stability of MOFs and Membranes

Additives in MMMs must possess sufficiently high thermal sta-

bility to prevent any possible decomposition during thermal

treatment in membrane fabrication. TGA curve of Cu3(BTC)2

shown in Figure 4 illustrates that there were two periods during

the weight loss: the first period (between 30 and 110�C) could

be attributed to volatilization of residual solvents (methanol,

ethanol or water), and the second period starting around 310�C
was ascribed to the organic ligand decomposition in Cu3(BTC)2.

310�C was already much higher than what the heat treatment

demands.

TGA curves of the pure UltemVR 1000 membrane and C/U-20

MMM (as a representative of all MMMs) were also shown in

Figure 4. Pure UltemVR 1000 membrane expressed the best

thermal stability with a decomposition temperature as high as

495�C. Adding Cu3(BTC)2 into UltemVR 1000 will obviously

degrade its thermal stability. First, an extra weight loss around

250�C could be seen for C/U-20 MMM, which could be

ascribed to the evaporation of adsorbed solvent in Cu3(BTC)2

such as DMAc or water; after 310�C a sharper weight loss curve

could be seen, which was attributed to the Cu3(BTC)2 decom-

position; at the end, the decomposition of UltemVR 1000 in C/U

MMMs happened around 500�C that was close to pure

UltemVR 1000 membrane.

Cu3(BTC)2 Structure Analysis by XRD. Figure 5(b) shows that

the XRD pattern of our prepared Cu3(BTC)2 is consistent with

the literatures,20,25 thus it could be affirmed that our Cu3(BTC)2

also has similar ordered and crystalline structure. Besides

Cu3(BTC)2, pure UltemVR 1000 membrane and C/U-20 MMM

(as a representative of all C/U MMMs) were also characterized

by XRD. For UltemVR 1000 polymer we did not see any obvious

peaks in its XRD pattern [Figure 5(a)]. However, from the XRD

pattern of the C/U-20 [Figure 5(c)] we can clearly see a combi-

nation of the crystalline peaks of Cu3(BTC)2 and waved curve

Figure 3. Nitrogen adsorption–desorption isotherm of Cu3(BTC)2.

Table I. Structure Properties of Cu3(BTC)2 in this Article and the

Literatures

BET surface area
(m2 g21)

Pore volume
(cm3 g21) References

1439 0.612 This article

1071 0.496 Ref. (18)

1482 0.828 Ref. (19)

1555 0.710 Ref. (21)

Figure 4. TGA curves of Cu3(BTC)2, pure UltemVR 1000, and C/U-20

MMM (a representative of all MMMs). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 5. XRD patterns of (a) pure UltemVR 1000 membrane, (b)

Cu3(BTC)2, and (c) C/U-20 MMM (a representative of all C/U MMMs).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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of pure UltemVR 1000 membrane. Thus it can be concluded that

Cu3(BTC)2 maintained its original structure integrity in the C/

U MMMs, which has been confirmed by TGA test result.

Chemical Structure Analysis by ATR-FTIR. ATR-FTIR spectra

of Cu3(BTC)2, pure UltemVR 1000, and C/U MMMs with differ-

ent loadings were shown in Figure 6. The adsorption bands at

728 cm21 and 759 cm21 in the ATR-FTIR spectra of Cu3(BTC)2

are attributed to CAH symmetric stretching vibration of

H3BTC, which can be regarded as the characteristic bands for

Cu3(BTC)2. The weak band at 1111 cm21 is attributed to

CAOACu stretching vibration, and the bands at 1450 and 1649

cm21 are due to C@C skeleton vibration of benzene. The

adsorption bands at 1776 cm21 (symmetric stretch of the car-

bonyl group), 1716 cm21 (asymmetric stretch of the carbonyl

group), and 1351 cm21 (CAN stretch) are the characteristic

bands of pure UltemVR 1000 membrane. In the ATR-FTIR spectra

of the C/U MMMs, the characteristic bands of Cu3(BTC)2 as

well as UltemVR 1000 membrane were found, that confirmed the

existence of Cu3(BTC)2 in the C/U MMMs. As we expected,

the characteristic bands of Cu3(BTC)2 (728 and 759 cm21) in

the spectra of C/U MMMs became stronger as the Cu3(BTC)2

loading increased.

MMMs Morphology Examination by SEM. Existence of non-

selective defects at the additive/polymer matrix interface is one

of the main problems for MMMs fabrication since it will influ-

ence the gas separation property of MMMs directly. Besides

proper additive and polymer matrix, solvent is another signifi-

cant factor for defect-free MMM fabrication. To prevent interfa-

cial defects, non-polar solvents such as benzene, toluene,

CH2Cl2, and chloroform were most commonly used in former

literature MMMs. However, these solvents are poisonous and

volatile, and polymers have poor solubility in them, that are

most likely killing the possibility of their industrial applications.

In this article, profiting from the excellent compatibility

between synthesized Cu3(BTC)2 and UltemVR 1000, DMAc, a

common polar solvent with high boiling point, was used to

fabricate the C/U MMMs. The solubility of commercial poly-

mers such as polysulfone (PSf), poly (ether sulfone) (PES), pol-

yimide (PI), and polyetherimide (PEI) in DMAc are pretty

good, thus DMAc has been widely applied in industry. To cer-

tain extent, this solvent selection means our MMMs could own

better application potential.

Cross-section SEM images of the prepared C/U MMMs were

taken to preliminary investigate their interfacial coalescence

conditions. Figure 7(a–e), respectively show the cross-section of

C/U-10, C/U-20, C/U-30, C/U-35, and C/U-40 with different

magnifications. It can be seen that there were no obvious

Cu3(BTC)2 aggregations, all Cu3(BTC)2 particles dispersed quite

uniformly throughout the polymer matrix in all C/U MMMs.

Figure 6. ATR-FTIR spectra of Cu3(BTC)2, pure UltemVR 1000 membrane,

and C/U MMMs with different loadings. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Cross-section SEM images of (a) C/U-10, (b) C/U-20, (c) C/U-

30, (d) C/U-35, and (e) C/U-40.
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For C/U MMMs with lower Cu3(BTC)2 loadings (10 and 20 wt

%), Cu3(BTC)2 particles were wetted quite well by the polymer.

At 30 wt % loading, interfacial combination of Cu3(BTC)2 and

polymer matrix became a little weaker, however, Cu3(BTC)2 still

connected well with polymer. As the loading was as high as 35

wt %, quite slight interfacial gaps appeared but were still not

obvious. There are two possible reasons to explain the phenom-

ena: firstly, the polymer chain is very flexible that enables it

wound around the particles easily; another could be the organic

ligand and super large surface area of Cu3(BTC)2 that would

enhance the compatibility between two phases and eliminate the

interfacial defects greatly.12,26 Continued attempt to increase

Cu3(BTC)2 loading to 40 wt % [Figure 7(e)] seemed to generate

some interfacial defects which would affected gas separation

property of MMMs. As a conclusion, it can be initially con-

firmed that defect-free C/U MMMs were obtained within 0–35

wt % Cu3(BTC)2 loading.

Gas Permeation Property

Influence of Cu3(BTC)2. From all physical characterizations

and SEM examination in former sections, we have already

known that synthesized Cu3(BTC)2 can maintain its crystalline

structure and chemical integrity during MMMs fabrication, and

there were no obvious interfacial defects in the C/U MMMs

with loading not more than 35 wt %. Next, gas separation

properties of pure polymer membrane and C/U MMMs with

different Cu3(BTC)2 loadings were tested to investigate the

influences of Cu3(BTC)2 on the C/U MMMs.

From Figure 8(a) it can be seen that, within the range of 0–30

wt % loading, CO2 permeability increased with Cu3(BTC)2

loading increase, at the same time CO2/N2 and CO2/CH4 selec-

tivity were almost unchanged compared with pure UltemVR 1000

membrane. As the loading up to 35 wt %, a sharper permeabil-

ity increase was achieved, at this point CO2 permeability

reached up to 4.13 Barrer that was 2.62 times higher if com-

pared with pure UltemVR 1000 membrane; on the other hand,

the selectivity of CO2/N2 and CO2/CH4 showed slight decrease

but were still in the same level with pure polymer membrane.

However, when Cu3(BTC)2 loading was up to 40 wt % gas per-

meability substantially increased but accompanying obvious

decrease of CO2/N2 and CO2/CH4 selectivity. Similar tendency

could be seen from Figure 8(b) in term of O2 permeability and

O2/N2 selectivity.

Figure 8. CO2, O2 permeability and ideal selectivity [(a) CO2/N2 and CO2/CH4, and (b) O2/N2] of pure UltemVR 1000 membrane and C/U MMMs with

different loadings at 35�C and 3.5 atm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. Relative gas diffusivities and solubilities of pure UltemVR 1000 membrane and C/U MMMs with different loadings. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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For gas permeability enhancement within 0–35 wt % loading,

there could be two main reasons: first reason is the high gas

permeation properties of the added particles profiting from

their micro-porous structures; second may be the quite slight

interfacial gaps between the particles and polymer matrix, which

could permit gas pass through but have little effect on gas selec-

tivity. According to the results in Figure 8, it seems that, for

MMMs with the lower loadings (� 30 wt %), the first reason

should be the main cause for their gas permeability increases.

Added Cu3(BTC)2 could greatly reduce gas permeation resist-

ance of MMMs, thus their gas permeabilities showed obvious

increases and gas selectivities remained almost unchanged; at

the same time not too large Cu3(BTC)2 loading will not gener-

ate interfacial gaps, that could be confirmed by their SEM

images in Figure 7(a–c). Further loading increase would enlarge

the possibility of slight interfacial gap formation, which could

well explain the much sharper gas permeability increase and

slight selectivity decrease of C/U MMM with 35 wt %. It should

be pointed out that “slight interfacial gaps” have intrinsic differ-

ence with commonly called “interfacial defects” which would

substantially reduce gas selectivity of MMMs, while gas selectiv-

ity of C/U-35 was just little degraded and still in the same level

with pure UltemVR 1000 membrane. As Cu3(BTC)2 loading up to

40 wt % “slight interfacial gaps” grew to “interfacial defects”

[seen in Figure 7(e)], that should be the main cause for sub-

stantial permeability increase and obvious selectivity decrease.

Further Analysis Through Diffusivity and Solubility. Gas per-

meation in dense polymeric membranes is usually described by

widely accepted “solution–diffusion” mechanism. For gas per-

meation in pure MOF membranes, it follows “absorption–dif-

fusion” mechanism which is very similar to “solution–

diffusion” mechanism. The gas separation properties of MOF

membranes are partially determined by their gas adsorption

capacity which is almost same as gas solubility in the polymeric

membranes. Thus, we believe “solution–diffusion” mechanism

could also be applied to investigate the gas permeation proper-

ties of the mixed-matrix membranes.

In former literatures, gas diffusivities of MMMs changed in dif-

ferent ways as porous particles were added, because gas diffused

through polymer matrix and porous additives at the same

time, the pore size, shape, and flexibility of additives had great

effect on gas diffusivity.15,16,27 As we already know, MOF is one

kind of micro-porous materials with super high surface area

and pore volume, thus we believe gas diffusivities of MMMs

would be substantially influenced by MOFs. In this section, the

relative gas diffusivities based on pure UltemVR 1000 membrane

for all prepared C/U MMMs were presented in Figure 9(a) to

study the influence of Cu3(BTC)2 on gas diffusion process.

From Figure 9(a) it can be clearly seen that, except N2 which

only showed increased gas diffusivity when the loading was

higher than 30 wt %, diffusivities of all other tested gases

including CO2, CH4, and O2 increased within all measured

loadings, and a relatively sharper increase could be seen after 35

wt % loading, especially for MMMs with 40 wt % loading CO2

and CH4 diffusivity of which exhibited substantial increases.

Interestingly their diffusivity increase tendencies were almost

consistent with their absorption capabilities in Cu3(BTC)2 par-

ticles as listed in Table II. This sounds reasonable since their dif-

fusivity increases were specifically caused by added Cu3(BTC)2

particles.

Unfortunately it is difficult to determine the cause of the

decreased N2 diffusivity of C/U MMMs with lower loadings

(�30 wt %), poor adsorption capacity and large molecule size

(3.64 Å) of N2 may be the reasons. However, in a certain extent,

this phenomenon could prove that when the Cu3(BTC)2 loading

is not more than 30 wt % there were almost no interfacial gaps

in MMMs which would permit gas to pass through and bring

Table II. Physical Parameters of Gas Molecules Tested in this Article

Gas
molecule

Kinetic
diameter/Å

Adsorption in
Cu3(BTC)2/[cm3(STP)]/(cm23 cmHg)a

Solubility in UltemVR

1000/[cm3(STP)]/(cm23 cmHg)b

O2 3.46 – 0.00489

N2 3.64 0.0585 0.00357

CH4 3.76 0.158 0.0168

CO2 3.3 0.596 0.0647

a Gas adsorption was tested at 35�C and 3.5 atm.21

b Gas solubility was tested at 35�C and 3.5 atm, in this article.

Figure 10. Relative gas permeabilities of pure UltemVR 1000 membrane and

C/U MMMs with different loadings (vol %) in this article compared with

Maxwell and Bruggeman model. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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about gas diffusivity increase. More obvious diffusivity increases

for all tested gases when Cu3(BTC)2 loading increased to higher

value of 35 wt % possibly revealed the formation of slight inter-

facial gaps, and substantial diffusivity increase at 40 wt % indi-

cated the appearance of interfacial defects in MMMs. These

above conclusions were consistent with our analysis from SEM

images of C/U MMMs with different loadings.

As we mentioned earlier, gas permeation through MMMs fol-

lows the “solution–diffusion” mechanism, thus it is also neces-

sary to find out what is the relationship between gas solubility

and Cu3(BTC)2 loading. Similar to gas diffusivities, the relative

gas solubilities of prepared membranes were presented in Figure

9(b). Solubilities for all gases increased obviously with

Cu3(BTC)2 loading increase, and this could be possibly

explained by high gas absorption capability of Cu3(BTC)2

(Table II) which owns extremely micro-porous structure. What

should be mentioned here is that although all gas solubility

increased with Cu3(BTC)2 loading, the increase order was

N2>O2>CH4>CO2. Intrinsic gas solution selectivities of

UltemVR 1000 for CO2/CH4, CO2/N2, and CH4/N2 are higher

than prepared Cu3(BTC)2 particles (shown in Table II), so add-

ing Cu3(BTC)2 into UltemVR 1000 would reduce the total appa-

rent gas solution selectivity of C/U MMMs. The selectivity

decrease may explains the phenomenon that larger relative

solubility increases were seen for gases with original lower

solubilities.

So based on results in Figure 9 and additional analysis, it could be

concluded that CO2 diffusivity increase made more contribution

to its permeability increase, and for N2 its permeability increase

seemed to mainly profit from its solubility increase. Compared

with them, permeability increases of O2 and CH4 were more likely

a joint effort of diffusivity and solubility increase.

MMMs Performance

Comparison with Models. Maxwell and Bruggeman Model are

the most commonly used methods to predict the gas permeabil-

ity of MMMs, and the abbreviated Maxwell and Bruggeman

Model (eqs. (4) and (6)) were applied in this study since the

gas permeabilities of pure UltemVR 1000 membrane (in the range

of 0.01–1 Barrer) is far lower than that of Cu3(BTC)2 mem-

brane (100–10000 Barrer).28 The relative gas permeabilities of

membranes were calculated through dividing the permeabilities

of membranes by that of pure UltemVR 1000 membrane, and

they were compared with Maxwell and Bruggeman model to

further investigate the properties of C/U MMMs. Gas perme-

ability of C/U-40 was excluded because of the existence of

obvious interfacial defects. From Figure 10 it can be seen that,

with lower Cu3(BTC)2 loading, our experimental data were

Table III. The Mixed Matrix Membranes in the Literatures and this Article with UltemVR 1000 as Polymer Matrix

Membrane PCO2 PCO2/PCH4 Solvent References

Pure Ultem 1.14 36.77 DMAc This article

Cu3(BTC)2/Ultem 4.13 33.99

Pure Ultem 1.95 30.3 – Ref (26)

IRMOF-1/Ultem 2.97 26.3

Pure Ultem 1.2 38 DCM Ref (29)

ZIF-90/Ultem 2.9 39

Pure Ultem 0.63 79.6 Toluene Ref (30)

HNT/Ultem 1.19 47.76

Figure 11. Performance of dense MMMs using UltemVR 1000 as polymer matrix and different particles as dispersed phase with respect to Robeson upper

bound curves. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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quite close to the predicted values of both models. When the

loading was increased to 30 wt % and higher, the experimental

data were obviously closer to the value from Bruggeman model,

this could be easily explained since the Bruggeman model has

considered the influence of nearby particles on the gas permea-

tion through MMMs. At 35 wt % loading, gas permeability

even exceeded the predicted value of Bruggeman model, that

could be owing to the existence of slight interfacial gaps

between Cu3(BTC)2 and polymer matrix which had been proved

in former Sections. Though there were a few deviations, the gas

permeabilities of C/U MMMs with different Cu3(BTC)2 loadings

were well predicated by the Maxwell or Bruggeman model.

Thus, it can be deemed that the C/U MMMs in this article were

close to the hypothesized ideal states of Maxwell and Brugge-

man Model.

Compared with the Literature Results. First, as we have men-

tioned earlier, compared with the MMMs in literatures (shown

in Table III), one possible advantage of our MMMs could be

the solvent we used, DMAc, which has high boiling point and

good solubility for polymers and is widely applied in industrial

membrane fabrication, that could greatly widen the practical

application possibility of C/U MMMs in this article.

Second, the gas separation property of C/U MMMs was com-

pared with the literature26,29,30 which also chose UltemVR 1000 as

polymer matrix while different porous particles as additives

(shown in Table III). It can be seen that our C/U MMM with a

Cu3(BTC)2 loading of 35 wt % showed the highest CO2 perme-

ability of 4.13 Barrer and comparable selectivity of CO2/CH4.

Though, in term of CO2/CH4 selectivity, HNT/Ultem was an

exception since its value was 47.76 which was higher than 33.99

from our work, unfortunately its CO2 permeability was sadly as

low as 1.19 Barrer. Since the intrinsic gas separation property of

UltemVR 1000 which is a model polymer with low price and

excellent physical property are not high, the gas separation

properties of MMMs with UltemVR 1000 as polymer matrix are

hard to exceed Robeson upper bound. However, it can be seen

from Figure 11 that, as Cu3(BTC)2 added, gas separation prop-

erty of membranes were obviously improved compared with

pure polymer membrane and were closing to Robeson Upper

bound. So we believe that C/U MMMs prepared in this article

can perform a better gas separation property and have great

potential for later commercial application.

CONCLUSIONS

Cu3(BTC)2 was synthesized and mixed with UltemVR 1000 to fab-

ricate C/U MMMs with different loadings. Characterization

results (TGA, XRD, and ATR-FTIR) proved that Cu3(BTC)2 had

maintained its structural integrity in the prepared C/U MMMs.

From the SEM images of C/U MMMs it could be preliminarily

determined that there were no obvious interfacial defects

between Cu3(BTC)2 and UltemVR 1000 polymer matrix when

Cu3(BTC)2 loading was not more than 35 wt %. This was fur-

ther proved by the gas separation properties of C/U MMMs:

gas permeabilities increased substantially with Cu3(BTC)2 load-

ing increase meanwhile their ideal gas selectivities were almost

unchanged compared with pure UltemVR 1000 membrane.

Continued analysis based on gas diffusivities and solubilities in

MMMs revealed that CO2 permeability enhancement was

mainly attributed to its diffusivity increase while N2 seemed to

profit from its solubility increase. Calculation results showed

that gas permeabilities of the C/U MMMs in this article were

well predicted by Maxwell or Bruggeman model. At the end a

comparison was made between MMMs in this article and litera-

ture reported MMMs which used same UltemVR 1000 as polymer

matrix and different porous particles as additives. From the

comparison results it can be clearly concluded that our prepared

C/U MMMs performed much better gas separation properties.
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