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Abstract—A new hybrid gas separation membrane was prepared from poly(2,6-dimethyl-1,4-phenylene oxide) 
modifi ed with graft copolyimide with side poly(methyl methacrylate) chains. The changes in the membrane structure 
on introducing up to 15 wt % modifi er were evaluated by atomic force microscopy and density measurements. The 
microphase separation in modifi ed polyphenylene oxide fi lms was demonstrated. Introduction of graft copolyimide 
leads to an increase in the density of the hybrid fi lms. The gas transport properties of the membranes were evaluated 
for H2, CO2, O2, CН4, and N2. Introduction of up to 10 wt % modifi er does not noticeably alter the permeability of 
the hybrid membranes to all the gases but increases the selectivity in gas separation.
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Membrane separation processes fi nd increasing use 
in industry because they ensure high selectivity and al-
low organization of a continuous automated cost-saving 
process, easy integration into the existing fl owsheets, 
and power saving [1–3]. These processes are character-
ized by simple implementation, low power consump-
tion, low cost, high reliability, and high effi ciency [4, 5]. 

One of the most promising ways to develop new 
membrane materials is modifi cation of commercially 
produced polymers that exhibit high levels of heat re-
sistance and mechanical properties in combination with 
satisfactory transport properties, but insuffi cient selec-
tivity [6, 7]. Such polymers are modifi ed with diverse 
inorganic [8–10] and polymeric [11–13] fi llers. Recently 
there has been a great deal of interest in multicomponent 
polymer modifi ers of complex architecture [14–16], al-
lowing variation of the properties of the known com-
mercial polymers in a wide range. Graft copolymers 
consisting of a backbone and of narrow dispersed side 
chains covalently bonded to it [16] can serve as such 
modifi ers; they are termed polymer brushes [17–20]. 

Previously we prepared effective pervaporation 
membranes [21] from a fi lm-forming regular graft co-
polymer with the polyimide (PI) backbone and narrow-
dispersed poly(methyl methacrylate) (PMMA) side 
chains (hereinafter, PI–PMMA graft copolyimide). It 
seemed promising to use these graft copolyimides as a 
polymer modifi er for gas separation membranes based 
on poly(2,6-dimethyl-1,4-phenylene oxide) (PPO). PPO 
is commercially produced and is used as a membrane 
component of a composite material in various mem-
brane processes [22–26], including gas separation. In 
gas separation processes, PPO shows high permeabil-
ity but low selectivity, which restricts its use [27–29]. 
Modifi cation of the structure of PPO membranes with 
PI–PMMA can signifi cantly infl uence the transport 
properties of the membrane. The structural formulas of 
the hybrid membrane components, (a) PPO and (b) PI–
PMMA, are shown in the scheme.

This study was aimed at developing a procedure for 
preparing hybrid membranes based on polyphenylene 
oxide modifi ed with graft copolyimide and at evaluating 
the effect of the modifi er on the membrane structure 
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and its transport properties with respect to the gases H2, 
CO2, O2, CН4, and N2.

EXPERIMENTAL

Materials. We used powdered poly(2,6-dimethyl-
1,4-phenylene oxide) with ММ ~ 338 kDa and the 
density ρ = 1.054 g cm–3 (Aldrich). Chloroform (Vekton, 
Russia, chemically pure grade) was used without 
additional purifi cation. Samples of graft copolyimide, 
PI–PMMA, were prepared by MMA polymerization 
on a multifunctional polyimide macroinitiator (Mn = 
35.2 × 103, Mw/Mn = 2.06, n = 52) by controlled atom 
transfer radical polymerization (ATRP) [30]. Grafting 
of PMMA chains to the PI chain was performed using 
AGET ATRP technique [31] as described in [32]. The 
density of grafting of PMMA side chains was 80%, and 
the mean degree of polymerization of side chains was 
m = 154 (Mn = 154.0 × 103, Mw/Mn = 1.4).

Membrane preparation. The PPO/PI–PMMA 
composites containing 5, 10, and 15 wt % PI–PMMA 
were prepared by mixing the individual solutions of PPO 
(3 wt %) and PI–PMMA (3 wt %) in chloroform using a 
power-driven stirrer. The polymer mixture solution was 
prepared by stirring for 60 min, followed by degassing. 
Membranes ~80–90 μm thick were prepared by casting 
the polymer mixture solution onto a smooth horizontal 
cellophane surface, which was followed by the solvent 
evaporation and vacuum drying at 40°С. Then the 

membrane was separated from the support and vacuum-
dried at 40°С to constant weight.

Atomic force microscopy. Three-dimensional im-
ages of membrane surfaces were obtained using atomic 
force microscopy (AFM) with a Nanoscope III device 
(Digital Instruments, Santa Barbara, the United States) 
equipped with a 1553D scanner (Digital Instruments) 
in the tapping mode using OTESPA silicon cantilevers 
(Veeco Instruments, Dourdan, France) with the radius of 
5 nm and vibration frequency of 300 kHz.

Determination of the membrane density. The 
membrane density ρ was determined at 25°C by the 
fl otation method using an aqueous sucrose solution. 

Gas separation. The permeability of H2, СО2, N2, О2, 
and CH4 was measured by the barometric method using 
a high-vacuum laboratory apparatus and a cell with an 
effective area of 5.25 cm2 at 30°С. The sample was kept 
in a vacuum in the cell for 50 h at 40°С, after which a 
gas was fed to the cell at a constant pressure p = 150 kPa. 
The gas permeability coeffi cient was determined from 
the pressure increase Δpp in a calibrated volume Vp  per 
the time interval Δt. The permeability coeffi cient Р was 
calculated using the equation [33]

                             
(1)

where l is the membrane thickness; S, membrane area; 
T, temperature; and R, gas constant.

Scheme.

(a)

(b)
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The permeability coeffi cient was expressed in 
Barrers (1 Barrer = 10–10 cm3

(STP) cm cm–2 s cm–1 Hg). 
The ideal selectivity αi/j of a membrane, refl ecting its 
ability to separate one gas (i) from another (j), was 
calculated using the equation

                               
(2)

where Рi is the permeability of gas i and Рj is that of 
gas j.

The diffusion coeffi cient D was calculated by the 
Daynes–Barrer method from the delay time θ [34, 35] 
using the equation

                                 (3)

The solubility coeffi cient was calculated by the 
equation describing the gas transport [36]:

                                  (4)

The correlation analysis of the diffusion coeffi cients 
and gas solubility was performed using the data from 
the table.

RESULTS  AND  DISCUSSION

A series of hybrid membranes containing 5, 10, and 15 
wt % PI–PMMA was prepared by varying the fi ller (PI–
PMMA) content in the PPO matrix. An PPO membrane 
was prepared under similar conditions for comparison. 
Figure 1 shows the AFM images of the membrane 
surface relief. Uniformly distributed fl uctuations of the 

membrane surface relief with the characteristic size 
from 50 to 100 nm can be seen in the AFM images of the 
hybrid membranes; these features suggest microphase 
separation in the polymer mixture, occurring apparently 
via precipitation of the graft copolyamide in the PPO 
matrix in the course of solvent removal during drying. 
An increase in the PI–PMMA content over 15 wt % led 
to the formation of defective membranes. 

We have shown previously that the density of the 
membranes fabricated from PI–PMMA varied from 
1.18 to 1.34 g cm–3 depending on the length of the side 
chains and on the density (thickness) of their grafting 
[21]. As PPO membranes have lower density (1.054 g 
cm–3), introduction of fi ller of higher density into PPO 
led to the formation of hybrid membranes with the 
density higher than that of PPO (Fig. 2). The density of 
the hybrid membranes increased with an increase in the 
relative content of the graft copolyimide.

The transport properties of the membranes were 
studied at 30°C for the following gases: H2, O2, CO2, 
CH4, and N2. Figure 3 shows dependence of the gas 
permeability coeffi cients on the concentration of the 
graft copolymer in the membranes. For all the samples, 
the gas permeability decreased in the order H2 > СO2 > 
O2 > CH4 > N2. With an increase in the PI–PMMA 
content of the membranes, the permeability coeffi cient 
decreased for all the studied gases. This decrease was 
particularly noticeable at the PI–PMMA content higher 
than 10%.

Figure 4 shows the dependence of the selectivity for 
several ideal gas pairs on the content of the graft copoly-
imide in the membranes. An increase in the PI–PMMA 
concentration led to an increase in the selectivity. Ap-
preciable increase was observed already with 5% fi ller. 
Introduction of larger (>5 wt %) amounts of the graft 
copolyimide into the matrix did not lead to a signifi -
cant further increase in the selectivity for the gas pairs, 
but the permeability coeffi cient continued to appreci-
ably decrease. The membrane with 5 wt % PI–PMMA 
showed good permeability and higher, compared to the 
PPO membrane, selectivity for the gas pairs, although 
the permeability coeffi cient somewhat decreased.

To study how changes in the composition and structure 
of PPO-based membranes after their modifi cation with 
PI–PMMA infl uence the gas separation properties, we 
analyzed the constituents of the permeability coeffi cient 

Effective diameters of gas molecules deff and characteristic 
values of the force constant of the Lennard–Jones potential 
(ε/k)eff [36]

Gas deff, nm (ɛ/k)eff, K

H2 0.210 62.2

O2 0.289 112.7

N2 0.304 83.0

CO2 0.302 213.4

CH4 0.318 154.7
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Fig. 1. AFM images of the surfaces of the (a) PPO and (b–d) PPO/PI–PMMA membranes.

Fig. 2. Density of PPO/PMMA membranes ρ as a function of 
the PI–PMMA content.

Fig. 3. Gas permeability coeffi cient Р as a function of the 
PI–PMMA content in the membranes. Gas: (1) Н2, (2) CO2, 
(3) O2, (4) CH4, and (5) N2.
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P = DS, namely, the diffusion coeffi cient D and the 
solubility coeffi cient S. The correlation analysis of the 
transport parameters for the polymer–gas system was 
performed by Teplyakov’s method [37]. The basic 
correlation is the dependence of the diffusion coeffi cient 
on the effective diameter of the gas molecules. 
According to such approach [36], the experimental 
data on the diffusion coeffi cient should be fi tted by a 
straight line in the coordinates log D = f(d2

eff), where deff 

is the effective diameter of the gas molecule. Figure 5 
shows such dependence for PPO and PPO/PI–PMMA 
membranes. The linear dependence obtained for all the 
membranes confi rms the reliability of the measurement 
results and indicates that the diffusion in the course of 
the gas separation mainly occurs via  free volume in the 
polymer fi lms.

Then, we studied dependence of the solubility coef-
fi cient on the force constant of the Lennard–Jones po-

Fig. 4. Ideal selectivity αi/j as a function of the PI–PMMA 
content of the membranes. Gas pairs: (1) Н2/N2, (2) CO2/N2, 
(3) CO2/CH4, and (4) O2/N2.

Fig. 5. Logarithm of the diffusion coeffi cient D as a function 
of the effective diameter of gas molecules squared, d 2eff. 
Membrane: (1) PPO, (2) PPO/PI–PMMA(5%), (3) PPO/PI–
PMMA(10%), and (4) PPO/PI–PMMA(15%).

Fig. 6. Logarithm of the solubility coeffi cient S as a function of 
the Lennard–Jones force constant for gases (ε/k)eff. Membrane: 
(1) PPO, (2) PPO/PI–PMMA(5%), (3) PPO/PI–PMMA(10%), 
and (4) PPO/PI–PMMA(15%).

Fig. 7. Transport properties of the membranes (1) PPO, (2) PPO/
PI–PMMA(5%), (3) PPO/PI–PMMA(10%), and (4) PPO/PI–
PMMA(15%) in comparison with the published data for (5) Hs-
PI-b-PVTMS-1 [40], (6) sulfonated brominated PPO (60% 
DBr, 32.9% DSul) [28], (7) 2% C60-PPO [41], (8) PPO-BzBr 
[42], and (9) MAgS800 [43], plotted on the Robeson diagram 
(selectivity αО2/N2 vs. permeability РО2) [39].
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tential for gases [36, 37]. This dependence should be 
linear in the coordinates logS = f(ε/k)eff, where (ε/k)eff is 
the characteristic value of the force constant of the Len-
nard–Jones potential. Figure 6 shows the plots for PPO 
and PPO/PI–PMMA membranes. The linear depend-
ence obtained for the solubility coeffi cients confi rms the 
reliability of the experimental data.

Comparison of the properties of the studied 
membranes with the known gas separation 
membranes. For objective evaluation of the performance 
of the membranes developed, we plotted the Robeson 
diagram [38, 39], i.e., the plot of the selectivity αО2/N2 
vs. permeability coeffi cient РO2; the straight line shows 
the upper limit of the gas separation performance of all 
the membranes known by now. As seen from Fig. 7, the 
PPO membrane is one of the most selective membranes, 
and introduction of a modifi er favors improvement of 
the selectivity of the PPO/PI–PMMA(10%) membrane. 
Thus, hybrid membranes containing graft copolyimides  
are perspective materials for preparation of gas 
separation membranes.

CONCLUSIONS

A hybrid membrane consisting of polyphenylene 
oxide and graft copolyimide with side poly(methyl 
methacrylate) chains was developed. It is characterized 
by increased density and relatively uniform heterophase 
structure, which is preserved upon incorporation of 
up to 15% graft copolyimide with side poly(methyl 
methacrylate) chains into the poly(2,6-dimethyl-1,4-
phenylene oxide) matrix. Analysis of the transport 
properties of the membranes using the correlation 
dependences for the diffusion coeffi cients and gas 
solubility confi rms the reliability of the gas permeability 
data obtained and indicates that the diffusion in the 
course of the gas separation mainly occurs via  free 
volume in the polymer fi lms. Introduction of the graft 
copolyimide with side poly(methyl methacrylate) 
chains increases the membrane selectivity; therefore, 
this modifi er shows promise for gas separation 
membranes.
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