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ABSTRACT: This study investigated the effect of annealing time and temperature on gas separation performance of mixed matrix

membranes (MMMs) prepared from polyethersulfone (PES), silicoaluminophosphate (SAPO-34), and 2-hydroxy 5-methyl aniline

(HMA). A postannealing period at 120�C for a week extensively increased the reproducibility and stability of MMMs, but for pure

PES membranes no post-annealing was necessary for stable and reproducible performance. The effect of operation temperature was

also investigated. The permeabilities of H2, CO2, and CH4 increased with increasing permeation temperature from 35�C to 120�C, yet

CO2/CH4 and H2/CH4 selectivities decreased. PES/SAPO-34/HMA ternary and PES/SAPO-34 binary MMMs exhibited the highest

ideal selectivity and permeability values at all temperatures, respectively. For H2/CO2 pair, when temperature increased from 35�C to

120�C, selectivity increased from 3.2 to 4.6 and H2 permeability increased from 8 to 26.5 Barrer for ternary MMM, demonstrating

the advantage of using this membrane at high temperatures. The activation energies were in the order of CH4>H2>CO2 for all

membranes. PES/SAPO-34/HMA membrane had activation energies higher than that of PES/SAPO-34 membrane, suggesting that

HMA acts as a compatibilizer between the two phases. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40679.
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INTRODUCTION

The performance of gas separation membranes is often deter-

mined at a temperature range of 25–35�C. The well-known

Robeson upper bound curve was also developed based on the

membrane performances at this temperature range.1–3 The effect

of temperature on the upper bound curves has been developed

recently.3 As the industrial applications take place in a much

wider temperature range, the effect of temperature on separa-

tion performances of membranes should be known.

The permeabilities in polymeric membranes are related to poly-

mer structure and also the polymer penetrant interactions,

which are influenced by temperature strongly.3 It is generally

observed that permeabilities increased but selectivities decreased

with increasing permeation temperature. Higher permeabilities

are usually attributed to increased flexibility of polymer chains

with temperature, which even compensate the decrease of solu-

bilities.4–6

A similar effect of temperature was observed for mixed matrix mem-

branes (MMMs). Jha and Way7 studied the silicoaluminophosphate

(SAPO-34) filled rubbery poly dimethyl sulfoxide MMMs and

investigated the effect of temperature between 215�C and 22�C.

The highest CO2/CH4 ideal selectivity, which was approximately 58,

was obtained at 215�C. It decreased to approximately 18 when the

permeation temperature was 22�C. Choi et al.8 studied the separa-

tion of H2/CO2 by polybenzimidazole (PBI), swollen amhert-3

(AMH-3), and proton-exchanged AMH-3 incorporated PBI

composite membranes between 35�C and 200�C. At 35�C the ideal

selectivities of composite membranes were approximately 40, which

were nearly four times higher than that of pure PBI membranes. At

200�C H2 and CO2 permeabilities increased but the ideal selectivities

of composite membranes decreased and approached to the ideal

selectivities of pure PBI membranes.

MMMs prepared from glassy polymers and inorganic particles

have usually suffered from voids formed at the polymer–particle

interface, which significantly reduced the membrane perform-

ance. Many methods have been carried out to eliminate these

voids by modifying the membrane materials. One approach is

incorporation of additives with functional groups as the third

component into the membrane.9–11 Those additives were silane

coupling agents like 3-aminopropyltriethoxysilane to modify the

zeolite surface or low-molecular-weight compounds like p-nitro-

aniline and 2-hydroxy 5-methyl aniline (HMA) to modify the

polymer. The effect of temperature on the gas permeation
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through ternary component membranes was barely investigated.

Khan et al.12 studied the gas permeation performance of

acrylate-modified polysulfone/zeolite 3A/aminopropyltrimethox-

ysilane at different temperatures. They observed that H2 perme-

ability increased whereas the H2/CO2 selectivity decreased with

increasing temperature.

Our group has studied the gas permeation and separation char-

acteristics of ternary component MMMs prepared by using low-

molecular-weight compounds at a permeation temperature of

25�C–35�C.9,13,14 This kind of membranes has not been tested

at elevated temperatures. The objective of the present study was,

therefore, to investigate the effect of gas permeation temperature

on the performance of polymer/zeolite/additive MMMs. The

membranes used in this study were pure polyethersulfone (PES)

membrane, PES/HMA (4% w/w) membrane, PES/SAPO-34

(20% w/w) MMM, and PES/SAPO-34 (20% w/w)/HMA (4%

w/w) MMM. The membranes were tested by measuring the per-

meabilities of H2, CO2, and CH4 between 35�C and 120�C.

For membranes prepared by solvent evaporation method, sol-

vent type, evaporation conditions, and the amount of residual

solvent in the membrane can influence the final properties and

the gas separation performance of membranes.8,14 Hacarlioglu

et al.15 observed that the removal of residual solvent yielded

higher selectivities but lower permeabilities, which was attrib-

uted to the densification of membranes by the removal of resid-

ual solvent.16 Similarly Maeda and Paul17,18 observed increased

selectivities but reduced permeabilities when low-molecular-

weight solvents were incorporated into the membrane because

of the antiplasticization effect of these compounds. Fu et al.19

showed that the role of the residual solvent, either plasticizer or

antiplasticizer, depends on the amount of residual solvent in the

membrane. Joly et al.20 showed that, as the amount of residual

solvent in the fluorinated polyimide membranes decreased, the

diffusion coefficient decreased but permeabilities increased.

Annealing is the thermal treatment, which is applied to remove

the remaining solvent in the membrane. Studies investigating

the effect of annealing temperature and time on the membrane

performance were generally conducted for pure polymeric

membranes. The present study also reports the effect of anneal-

ing conditions on the performance of PES/SAPO-34 and PES/

HMA/SAPO-34 MMMs.

Gas separation membranes are expected to exhibit high perme-

abilities and high selectivities for industrial applications like nat-

ural gas sweetening and separation of refinery gases. All

industrial applications require membranes with stable perform-

ance upon exposure to high and low temperatures and pressures

during its service life. In this study, membranes had been tested

for more than 1 month at temperatures between 35�C and

120�C.

EXPERIMENTAL

Materials

Radel A-100 grade PES (Solvay) with a molecular weight of

53,000, dimethylformamide (DMF; Acros, Tb.p 5 153�C), and

HMA (Acros, Mw 5 123.16, Tm.p 5 137�C) were used in mem-

brane preparation. PES was dried overnight at 100�C to remove

the adsorbed water before the membrane preparation.

SAPO-34 crystals were used as inorganic filler. Ludox AS-40

(Aldrich), tetraethylammonium hydroxide (TEAOH, 20 wt % in

water, Acros), pseudoboehmite (98%, Acros), phosphoric acid (85

wt %, Acros), and deionized water were used to synthesize SAPO-34.

Synthesis of SAPO-34

SAPO-34 was crystallized from a synthesis gel with a molar

composition 1 Al2O3 : 1 P2O5 : 0.4 SiO2 : 2 TEAOH : 71.5

H2O. Pseudoboehmite was dissolved in Ludox AS-40 and

TEAOH mixture. Hydrothermal treatment was carried out by

two-stage variable temperature method. Aging at 80�C for 24 h

was followed by crystallization at 200�C for 24 h. The powder

was recovered by centrifuging the resulting suspension and was

washed with DI water for two times. Finally, it was dried over-

night at 80�C. Calcination was carried out at 500�C for 3 h

with a heating/cooling rate of 1.5�C/min in air to remove the

organic template from the pores. Before membrane preparation,

SAPO-34 crystals were treated at 250�C for 24 h to remove the

physically adsorbed water.

Membrane Preparation

Four types of membranes, namely pure PES, PES/HMA, PES/

SAPO-34 binary mixed matrix, and PES/SAPO-34/HMA ternary

MMMs, were prepared by solvent-evaporation method from

solutions with 20% (w/v) PES in DMF. The percentages of

SAPO-34 and HMA in the membranes were 20% (by weight)

and 4% (by weight), respectively.

To prepare a ternary MMM, SAPO-34 was dispersed in DMF,

and the mixture was ultrasonicated for 60 min to minimize the

agglomeration. Then, HMA was added, and the mixture was

stirred overnight by a magnetic stirrer. 15% (w) of total amount

of PES was introduced to the mixture and kept in ultrasonic

bath for 60 min.21 Then, the remaining amount of the polymer

was added gradually. After each addition of PES, the mixture

was ultrasonicated. The final mixture was blade cast on a glass

plate at room temperature in air using a film applicator, with a

casting knife clearance of 500 mm. The membrane was obtained

after evaporation at 80�C and 0.2 bar for 8 h and annealing at

100�C and 1 bar N2 for 24 h. Some of the membranes were

post-annealed at 120�C and 0.2 bar N2 for 7–30 days.

Membrane Characterization

Thermal characterizations of the membranes were conducted using

differential scanning calorimetry (Shimadzu DSC60) and thermal

gravimetric analysis (TGA, Shimadzu DTG-60H). For TGA analy-

sis, the samples were heated from 30�C to 250�C at a heating rate

of 10�C/min with a N2 flow rate of 75 mL/min. For differential

scanning calorimetry analysis, the membrane samples were heated

from 30�C to 250�C at a rate of 10�C/min in N2 atmosphere for

the first scan. The sample was then cooled to 30�C for the second

scan at same conditions. The data from the second scan were used

to determine the Tg. The morphological characterizations of the

membranes coated with gold/palladium were performed using

scanning electron microscopy (SEM, FEI Quanta-400 F).

Constant volume variable pressure technique was used for single

gas permeation measurements of H2, CO2, and CH4. Membrane
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module was a commercial module Millipore filter holder (Milli-

pore, part no.XX45 047 00) with double-Viton O-ring seal. The

effective membrane area was 9.6 cm2, and the dead volume of

the system was 7.1 cm3. Before each measurement, both feed

and permeate sides were evacuated by a vacuum pump (Model

E2M5, Edwards high vacuum pump) to less than 0.1 bar for at

least 1 h. The high pressure feed (2.9 bar) permeated through

the membrane, and the increase in the permeate side pressure

was monitored to calculate the permeability. The pressure

increase in the permeate side was monitored with a pressure

transducer (BD Sensors, DMP331, 0–4 bar pressure range, 0.001

bar sensitivity). The ratio of single gas permeabilities is defined

as the ideal selectivity.

The membrane module was placed in a silicone oil bath. The

permeation temperature was changed between 35�C and 120�C.

The gas permeation through a particular membrane was carried

out first for H2, then for CO2, and finally for CH4 at 35�C;

then the temperature was increased to a new set point, and the

permeabilities of all gases were measured again in the same

order. After all temperature changes, the system was cooled, and

the permeation measurements were conducted at 35�C again.

RESULTS AND DISCUSSION

Thermal Analysis of Membranes

Figure 1 shows the TGA thermograms of PES-n and -p and

PES/HMA-n and -p membranes (hereafter -n and -p represent

the membranes annealed and post-annealed, respectively). All

membranes lost approximately 1% of their weight below 100�C
regardless of whether annealed or post-annealed. This weight

loss can be attributed to the release of moisture sorbed and

other minor contaminants by the membranes.22,23

The PES-n and PES/HMA-n membranes exhibited relatively

high weight loss above 150�C possibly due to the removal of

residual solvent. On the other hand, the weight of PES-p and

PES/HMA-p membranes remained constant above 150�C, show-

ing the thermal stability of post-annealed membranes and indi-

cating that post-annealing resulted in the removal of additional

amount of solvent from the membranes. Figure 2 shows TGA

thermograms of SAPO-34-containing MMMs, which exhibit

very similar trend with the thermograms of the neat polymeric

membranes. The weight loss was approximately 4% below

100�C for both types of membranes. The weight of post-

annealed membranes remained almost constant above 150�C,

whereas that of membranes, which were not post-annealed,

decreased further at temperatures above 150�C.

The amount of residual solvent was higher in SAPO-34-

containing membranes because zeolite crystals and the interfa-

cial voids surrounding these crystals may seize solvent and

moisture. The TGA results indicated that membranes that

annealed regularly included some solvent and post-annealing

promotes the removal of remaining solvent.

Effect of Residual Solvent on Gas Permeation

To investigate the effect of residual solvent for both dense

homogenous membranes and MMMs, the permeabilities of all

gases were measured by changing the measurement temperature

between 35�C and 90�C cyclically (such as 35�C ! 90�C !
35�C !90�C and so on). Total duration of measurements was

longer than 1 month for each membrane. First, this routine was

applied to the annealed pure PES-n and PES/SAPO-34-n mem-

branes (annealed at 100�C, 0.2 bar, 8 h). Permeabilities of H2,

CO2, and CH4 through these two membranes are reported as a

function of order of measurement in Figure 3 for PES-n and in

Figure 4 for PES/SAPO-34-n membranes.

Figure 1. TGA curves of pure PES and PES/HMA membranes. The solid

lines are for annealed membranes, and the dashed lines are for post-

annealed membranes.

Figure 2. TGA curves of PES/SAPO-34 and PES/HMA/SAPO-34 mem-

branes. The solid lines are for annealed membranes, and the dashed lines

are for post-annealed membranes.

Figure 3. Single gas permeabilities of H2, CO2, and CH4 through annealed

pure PES membrane at 35�C and 90�C.
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Pure PES membrane exhibits a stable performance for all gases;

for instance CH4 permeability was found as 0.1 Barrer in all

measurements at 35�C and as 0.4 Barrer at 90�C. On the other

hand, the permeabilities of all gases increased with repeating

measurements for PES/SAPO-34 membrane; for instance H2

permeability was first 26.8 Barrer and finally 32.0 Barrer at

90�C. Similarly, CH4 permeability increased from 0.8 to 1.6 Bar-

rer at 90�C after all. A similar trend was also observed at 35�C
for all gases. Among all gases, the change was more noticeable

for CH4, so that the final CH4 permeability was 8 and 1.8 times

as high as the initial CH4 permeability at 35�C and 90�C,

respectively.

The same cyclical measurement routine was also applied for

post-annealed MMMs. Figure 5 shows the H2, CO2, and CH4

permeabilities of PES/SAPO-34 membrane after post-annealing

at 120�C, in 0.2 atm N2, for 7 days. The membrane exhibited a

very stable performance so that the permeabilities for each gas

remained constant throughout the measurements.

The residual solvent, which partly occupies the free volume of the

polymer, influences the gas permeabilities through a membrane.24

No change in the permeabilities was observed for PES-n

membrane after successive measurements between 35�C and

90�C, indicating that all solvent was successfully removed from

this membrane during the annealing process. On the other hand,

the solvent can be held by SAPO-34 particles in the PES/SAPO-

34-n membrane; therefore, SAPO-34-containing membranes

need longer annealing periods at higher temperatures. The mem-

branes that had been post-annealed at 120�C, in 0.2 atm N2 at

least for 1 month, exhibited higher permeabilities and more stable

membrane performances.

Effect of Operating Temperature on Membranes Performance

The effect of temperature on the performance of membranes

was studied in the temperature range of 35�C–120�C. Pure PES

membrane was used only after regular annealing because its

performance did not show a substantial change after many

repetitive measurements.

Figures 6–9 show the permeabilities of studied gases as a func-

tion of permeation temperature for PES-n, PES/HMA-p, PES/

SAPO-34-p, and PES/HMA/SAPO-34-p membranes, respec-

tively. Gas permeabilities increased with temperature for all

membranes (Figures 6–9). The H2 permeabilities through PES/

HMA and PES/HMA-SAPO-34 membranes increased by nearly

Figure 4. Single gas permeabilities of H2, CO2, and CH4 through annealed

PES/SAPO-34 membrane at 35�C and 90�C.

Figure 5. Single gas permeabilities of H2, CO2, and CH4 through post-

annealed PES/SAPO-34 membrane at 35�C and 90�C.

Figure 6. Change in single gas permeabilities with temperature for

annealed PES membrane.

Figure 7. Change in single gas permeabilities with temperature for post-

annealed PES/HMA membrane.
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269% and 233%, respectively, when the permeation temperature

was changed from 35�C to 120�C. A similar trend was also

observed for CO2 and CH4. The solution-diffusion mechanism

is often used to describe the gas permeation through polymeric

membranes. This mechanism involves the sorption of gases by

the membrane at the feed side, followed by diffusion through

the membrane, and finally desorption from the permeate side.

High temperatures facilitate the motion of polymer chains,

which results in larger diffusion coefficients but lower solubil-

ities for all gases.4,25 Substantially high permeabilities at 120�C
indicate that the increase in diffusion coefficients compensate

the decrease in solubilities.

HMA-incorporated membranes exhibited substantially lower

permeabilities than the HMA-free counterparts at all tempera-

tures in the studied range. For instance, PES-n and PES/HMA-p

showed H2 permeabilities of 18.6 and 15.1 Barrer at 90�C. Simi-

larly, the H2 permeability through PES/SAPO-34 membrane at

90�C was greater than that through PES/HMA/SAPO-34-p by

39%. HMA was shown to have antiplasticization effect on PES

matrix at 35�C.13,14 Apparently, antiplasticization effect holds

even at higher temperatures, indicating that HMA strongly

interacts with PES during the membrane preparation and is a
part of membrane structure permanently in the studied temper-

ature range. Moreover, Topuz et al.26 showed that HMA reduces

the CO2 and CH4 sorption capacities of PES/SAPO-34 particles,

which also causes lower permeabilities through membranes with

HMA.

PES/SAPO-34-p and PES/HMA/SAPO-34-p membranes exhib-

ited higher gas permeabilities than homogeneous PES-n and

PES/HMA-p membranes. Permeation through zeolites is known

to be an activated process, and diffusion through zeolites

increase with temperature. On the other hand, incompatibility

between zeolites and polymers shape voids around the zeolite

particles in the MMMs, which has a pronounced effect on the

gas permeation performance of those types of membranes.27,28

Therefore, high permeabilities through SAPO-34-containing

membranes can be attributed to the microporous structure of

SAPO-34 and voids formed around the SAPO-34 particles as it

can be deduced from the SEM image of post-annealed PES/

SAPO-34 membrane [Figure 10(a)].

Figure 8. Change in single gas permeabilities with temperature for post-

annealed PES/SAPO-34 membrane.

Figure 9. Change in single gas permeabilities with temperature for post-

annealed PES/HMA/SAPO-34 membrane.

Figure 10. Cross-sectional SEM images of PES/SAPO-34 (a) and PES/

HMA/SAPO-34 (b) membranes.
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The natural logarithm of permeabilities decreased linearly with

the reciprocal temperature for all membranes. This behavior,

which is shown in Figure 11 for homogeneous PES/HMA-p and

heterogeneous PES/SAPO-34/HMA-p membranes as an exam-

ple, was correlated with the Arrhenius equation. Although

Arrhenius equation is applicable typically for homogeneous

polymeric membranes, it also fits well for heterogeneous mem-

brane as shown.

Table I presents the activation energies of permeation for H2,

CO2, and CH4. The activation energies were in the order of

CH4>H2>CO2 for all membranes. The activation energies for

pure PES membrane are consistent with those in the

literature.25

Activation energy of permeation is a combination of activation

energy of diffusion and the heat of sorption. Activation energy

of diffusion increases with increasing size of the permeating

molecule.3,29 CH4, which had the largest kinetic diameter

among the studied gases, showed the highest resistance to make

diffusive jumps. Hence, CH4 had higher activation energy of

permeation than that of H2 and CO2. On the other hand, CO2

was the most soluble gas and was of the lowest activation

energy of permeation.

HMA acted as the antiplasticizing agent, which induced a stiffer

backbone and yielded larger resistance for diffusion. Therefore,

the activation energy to permeate was higher for HMA incorpo-

rated membranes than for HMA-free membranes. Introducing

SAPO-34 strongly influenced both diffusion and sorption char-

acteristics of membranes, besides weak interaction between PES

and SAPO-34 enabled the penetrant molecules to permeate

more easily through the interfacial voids. As a result, the activa-

tion energies for PES/SAPO-34 membrane were lower than

those of PES membrane. A similar relation was observed

between PES/HMA/SAPO-34 and PES/HMA membranes. Addi-

tion of HMA to PES/SAPO-34 MMM increased the activation

energies, and the activation energies came close to those of pure

polymeric membrane, suggesting that HMA acts as a compati-

bilizer between the two phases.

Ideal selectivities were ranked in the following order: PES/

HMA/SAPO-34>PES/HMA>PES � PES/SAPO-34 (Tables I

and II). Although the permeabilities were enhanced with

increasing temperature, the H2/CH4 and CO2/CH4 ideal selec-

tivities declined for all membranes. H2/CH4 selectivity of PES/

HMA/SAPO-34 membrane was nearly 133 at 35�C, and it

dropped to nearly 64 at 120�C. CO2/CH4 selectivity of the same

membrane was 41.6 at low temperature and 13.7 at 120�C. In

contrast, H2/CO2 selectivity exhibited a slight increase with

temperature.

Selectivity of a membrane for a gas pair is a combination of dif-

fusion and sorption selectivities. Diffusion coefficients of gases

increase but diffusion selectivity may decrease with increasing

temperature because of extended segmental motion of polymer

chains at elevated temperatures. Solubility, which mainly

depends on the polymer–penetrant interactions and chemical

nature of the penetrating molecules, is also sensitive to tempera-

ture. Temperature influences the sorption selectivity to a larger

extent if the difference in the condensability between the mole-

cules increases. The diffusion coefficients and solubilities of the

studied gases are likely to be in the order of H2>CO2>CH4

Figure 11. Influence of operating temperature on H2, CO2, and CH4 per-

meabilities for post-annealed PES/HMA and PES/HMA/SAPO-34

membranes.

Table I. Activation Energies of Permeation through PES and Mixed

Matrix Membranes

Membrane

Ea (kJ/mol)

H2 CO2 CH4

PES 14.1 9.30 22.7

PES/HMA 15.7 10.7 24.3

PES/SAPO-34 13.4 8.42 21.3

PES/SAPO-34/HMA 14.5 9.62 22.8

Table II. Ideal Selectivities (a) of Membranes Without HMA as a Function of Temperature

T (�C)

a for PES membrane a for PES/SAPO-34 membrane

H2/CO2 H2/CH4 CO2/CH4 H2/CO2 H2/CH4 CO2/CH4

35 2.08 71.7 34.5 2.14 70.0 32.7

50 2.26 58.9 26.1 2.31 62.6 27.1

70 2.56 50.8 19.8 2.57 53.1 20.7

90 2.74 41.4 15.1 2.92 44.3 15.2

35 2.07 73.3 35.4 2.14 70.8 33.1
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and CO2>CH4>H2, respectively. Therefore H2/CH4 and CO2/

CH4 ideal selectivities decreased nearly 40% and 55% for all

membranes by increasing the temperature from 35�C to 90�C,

respectively. However, H2/CO2 selectivity increased by 35% (in

average) in the same temperature range.

Although incorporation of SAPO-34 to PES improved the per-

meabilities, no effect of SAPO-34 was observed on the ideal

selectivity (Table II). This suggests that the interfacial voids are

the major reason of high permeabilities through PES/SAPO-34

membrane. However, introducing HMA resulted in a substantial

improvement in ideal selectivities, which was especially pro-

nounced for H2/CH4 ideal selectivity (Table III). The restricted

segmental motion of polymer chains due to antiplasticization

effect of HMA mainly influences the permeation of CH4 mole-

cule. It should also be noticed that PES/HMA/SAPO-34 mem-

brane has higher ideal selectivities at all temperatures than PES/

HMA, suggesting that HMA increases the compatibility between

PES and SAPO-34 that can be seen in the SEM image of post-

annealed PES/HMA/SAPO-34 membrane [Figure 10(b)].

After measurements at different temperatures for about 2

months, each membrane was tested at 35�C again. Almost the

same permeabilities and ideal selectivities as the initial test were

observed after final measurement at 35�C. These results clearly

indicate the stability of all membranes. PES/SAPO-34/HMA ter-

nary component membrane exhibited the best gas permeation

performance at all temperature.

CONCLUSIONS

Annealing time and temperature affected the reproducibility

and stability of the MMMs. By applying post-annealing step to

MMMs at higher temperatures and longer times, membranes

with more stable gas permeation performances were obtained.

The permeabilities of all studied gases increased with increasing

operation temperature. The best separation performance

belonged to PES/SAPO-34/HMA MMM at each temperature.

The activation energies were found to be in the order of

CH4>H2>CO2 for all types of membranes. PES/SAPO-34/

HMA membrane had activation energies higher than that of

PES/SAPO-34 membrane and closer to that of pure PES mem-

brane, which showed that HMA acts as a compatibilizer

between the two phases.
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