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Abstract: Homogeneous membranes based on fullerene-polyphenylene oxide compo-

sitions containing up to 2 wt% fullerene C60 were prepared. The effect of fullerene

addition on PPO transport properties was studied in gas separation and pervaporation

processes. Permeability coefficients of H2, O2, N2, CH4, and CO2 were measured; a cor-

relation between gas transport properties and membrane free volume was established.

Pervaporation properties were studied for the system with ethyl acetate synthesis

reaction: quaternary system ethanol—acetic acid—water—ethyl acetate and some con-

stituent binary and ternary mixtures. Pervaporation in binary systems, ethanol–water

and ethyl acetate–water was considered with the use of the data on sorption capacities

and interaction parameters. In pervaporation of a quaternary reacting mixture, the
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permeate containing essentially ethyl acetate was obtained. Results show that

membranes with fullerene additives exhibit improved transport properties.

Keywords: Gas separation, pervaporation, homogeneous membranes, fullerene,

polyphenylene oxide

INTRODUCTION

Fullerene has attracted much attention due to its unique chemical and physical

properties (1, 2). Development of new materials based on fullerene for use in

technology is the principal problem under investigation. Polymers provide a

wide possibility of obtaining such materials. Fullerene incorporation into

polymer systems leads to materials with new properties. In this case the

p-electron system of the fullerene molecule is subjected to minimum trans-

formations and retains its unique properties in the composite material, but

the properties of the polymer itself are transformed. The nature of fullerene-

containing polymer properties is investigated intensively (3–7).

The combination of poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) and

fullerene C60 gives a donor-acceptor complex that has been studied by hydro-

dynamic and electrooptic methods in solution (8). The complex is not

separated into components at the dilution. This indicates that the bond

between PPO and C60 is relatively strong. Hydrodynamic studies showed

that intrinsic viscosity and the asymmetry of PPO molecule decrease, that

is, C60 molecules exert a great orienting effect on PPO chain segments. It

should be noted that the hydrodynamic radius of an equivalent sphere of

PPO chain in isolated state is about 50 times greater the radius of the C60

molecule.

The bond between PPO and C60 molecules detected in solutions should

remain after solvent evaporation and transformation of fullerene-containing

PPO into the solid state. Photoluminescence spectra showed the existence

of molecular complexes in C60-PPO films containing up to 2 wt% C60,

whereas in C60-PPO films containing 4 wt% C60 the major part of C60

molecules are not bonded to PPO (9).

Polymer membranes are widely used to concentrate and purify gas and

liquid mixtures in gas separation and pervaporation processes. However,

there is little information on membranes based on fullerene-containing

polymers (10–14). In our previous work (15) the influence of fullerenes on

polystyrene transport properties in the process of air enrichment with

oxygen has been studied. Fullerene-polystyrene compositions have higher

O2/N2 selectivity than polystyrene membranes.

In the present work, transport properties of PPO membranes modified by

fullerene C60 were studied in gas separation and pervaporation processes. In

both processes, the transport of gas or liquid molecules through a
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nonporous membrane may be described in terms of solution-diffusion

mechanism (16): Permeability ¼ Solubility � Diffusion.

Permeability in gas separation is mainly controlled by a diffusion factor

depending on the molecular size of the penetrant and also on the value and

distribution of free volume in the polymer membrane. The permeability of

liquid molecules in pervaporation is mainly controlled by the solubility of

penetrant molecules in the polymer membrane and, thus, characterizes the

polymer sorption activity. The combination of gas separation and pervapora-

tion provides exhaustive data on the transport of small molecules in the

polymer.

Pervaporation as a membrane separation process has a wide range of

applications. In the present work, the effect of fullerene addition on PPO

transport properties was studied in the pervaporation of the mixture with

ethyl acetate synthesis reaction: C2H5OHþ CH3COOH ¼ H2Oþ CH3COO

C2H5 The shifting of the esterification equilibrium in a hybrid process

involving pervaporation is one of the ways for maximizing yield of ethyl

acetate. The pervaporation of constituent binary and ternary mixtures of the

quaternary reacting system was also investigated.

EXPERIMENTAL

Materials

PPO with a molecular weight of 172 000 (Brno, Czech Republic) was used for

the work. Fullerene extract containing .98 wt% C60 was purified from

moisture traces by heating to 1008C in vacuum.

C60-PPO compositions containing up to 2 wt% C60 were prepared by

mixing toluene solutions of PPO and fullerene in the required quantity. The

brown color appearance, when toluene solutions of colorless PPO and violet

C60 mixed, demonstrated that C60 and PPO interact with complex formation.

Homogeneous C60-PPO membranes of thickness �60 mm were obtained

from 5% wt C60-PPO compositions in toluene by casting on a cellophane

surface and drying at 408C. C60-PPO membranes were of a brown color,

whose intensity depended on the quantity of C60 in composition.

Homogeneous PPO membranes of thickness �60 mm were prepared by

casting a 5 wt% PPO solution in toluene on cellophane and drying at 408C.

Characterization

Density Determination

The density (r) of films was determined by the flotation method in a saccha-

rose solution at 258C.
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The free volume vf (cm3/g) was calculated from the equation

v f ¼ vsp � 1:3 vw ð1Þ

where vsp ¼ 1/r is the specific volume and vw is the Van der Waals volume

calculated by Bondi method (17). The C60 contributions to the occupied

volume and to the molecular weight of PPO monomer unit were accounted

for in calculating the vw of C60-PPO composition.

Contact Angle Measurements

Contact angles of liquids on PPO and C60-PPO surfaces were measured by the

Wilhelmy plate technique on the KRUSS installation. In the Wilhelmy

plate technique the advancing (ua) and receding (ur) angles are calculated

from the force exerted as the sample is immersed or withdrawn from a

liquid. A computer controls the stage velocity and movements and provides

the software required for calculations. Liquids under study were water

(s ¼ 72.4 mN/m) and ethanol (s ¼ 23.7 mN/m).

Gas Separation Experiments

Gas permeability through membranes was determined by using a laboratory

high vacuum apparatus with a static permeation cell with an effective

membrane area of 5.25 cm2 at 308C. Gas under constant pressure higher

than the atmospheric pressure was brought into the feed part of the previously

evacuated apparatus. Permeability was determined from the increase of the

pressure in calibrated volume of the product part. Gases under the study

were H2, O2, N2, CH4, and CO2.

Pervaporation Experiments

Pervaporation properties were measured on a laboratory cell with the effective

membrane area of 14.8 cm2 at 408C with stirring. Downstream pressure below

30 Pa was maintained using a vacuum pump. The permeate was collected in a

liquid nitrogen trap, weighed, and then analyzed by refractometry and gas

chromatography. Ethanol and water were used as mixture components.

Membrane permeation flux, J (kg/m2 h), was determined as an amount of

liquid transported through the unit of the membrane area and per time unit.

The selectivity or the separation factor, a, is defined by the equation

a ¼
yi=yj

xi=xj

ð2Þ

where yi and yj are the weight fractions of components i and j in the permeate

and xi and xj are the weight fractions of components i and j in the feed

respectively.
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Sorption and Swelling Experiments

Membrane films of known weight were immersed in a liquid at 208C. After

3 days they were removed and weighted when superfluous liquid was

wiped. This procedure was repeated until the weight of swelling films

became constant. The degree of equilibrium swelling or sorption of liquid

in polymer membrane, S (g of liquid/100 g of dry polymer), was calculated

by the equation

S ¼
Ws �Wd

Wd

� 100 ð3Þ

where Ws is the weight of a swollen membrane and Wd is the weight of a dry

membrane.

RESULTS AND DISCUSSION

Physical Properties

Some physical properties of native PPO and C60-PPO membranes that are

useful for explaining the process of small molecules transport through these

membranes were determined. First of all such properties as film density and

surface tension were under consideration.

Inclusion of heterogeneous particles in polymer systems can be followed

by compacting or loosening of the polymer chain structure. To elucidate the

character of structural changes, the density of PPO films with different C60

contents was determined and the free volume was calculated. These results

are given in Table 1.

In fullerene-containing samples, density increases, that is, C60-PPO

polymer coils become more compact. This is manifested in decreasing the

free volume of C60-PPO compositions and reflects molecular interaction

between C60 and PPO with complex formation.

The contact angle is the most widespread characteristic of solid surface

tension. Table 1 lists contact angles of water and ethanol on PPO and 2%

wt C60-PPO surfaces. PPO is a hydrophobic polymer since the maximal

Table 1. Physical properties of PPO and C60-PPO membranes, 208C

Polymer

Density,

g/cm3
Free volume,

cm3/g

Contact angle (degree)

Water Ethanol

PPO 1.057 0.181 91.2 20.2

1 wt% C60-PPO 1.093 0.150 – –

2 wt% C60-PPO 1.120 0.128 94.4 17.9
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water contact angle on its surface is larger than 908. C60 additives increase

contact angle and hydrophobicity. In contrast, the PPO surface is well

moistened in ethanol. C60 addition to PPO decreases contact angles of

ethanol due to an enhanced affinity of ethanol for fullerene-containing

membranes. These results are important for explaining the C60 effect on

PPO sorption and pervaporation properties.

Gas Separation Properties

Polymers promising for gas separation membranes must exhibit high gas

permeability and high selectivity. PPO is one of the most permeable

glassy polymers with sufficiently high free volume. However, PPO exhibits

relatively low selectivity in gas separation (18, 19). Attempts have already

been made to modify PPO with the aim of increasing its selectivity (20–23).

The results of the PPO modification by fullerene C60 was estimated by

measuring the permeability of H2, O2, N2, CH4, and CO2 through both PPO

and C60-PPO homogeneous membranes. Table 2 lists the data on gas sepa-

ration properties of these membranes, which show a decrease in permeability

coefficients for all gases with increasing C60 content in samples. The selecti-

vity of C60-PPO membranes is higher than that of PPO. As a rule, gas transport

properties are determined by the diffusion factor depending to a great extent

on polymer free volume. As shown in Table 1, the addition of C60 to PPO

leads to a decrease in the polymer free volume. This is the reason for decreas-

ing gas permeability through C60-PPO membranes. Gas permeability coeffi-

cients depend also on the kinetic size of gas molecules. Among all gases

studied in this work, the permeability of large nitrogen molecules decreases

to the greatest extent.

Pervaporation Properties

Pervaporation properties of membrane depend on interactions between the

components of the feed solution and the polymer of the membrane. The

Table 2. Gas separation properties of PPO and C60-PPO membranes, 308C

Membrane

Permeability, barrers Selectivity

H2 O2 N2 CH4 CO2 H2/N2 O2/N2 CO2/CH4 CO2/N2

PPO 112.98 19.08 4.65 6.43 90.68 24.3 4.1 14.1 19.5

1% C60-PPO 103.91 18.13 4.05 5.57 80.90 25.6 4.5 14.5 20.0

2% C60-PPO 92.64 15.12 3.29 4.59 67.11 28.2 4.6 14.6 20.4

1 barrer ¼ 10210 cm3 (STP) cm/(cm2 s cmHg) ¼ 0.33 . 10215 mol . m/(m2 . s . Pa).
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polymer acts as “a molecular sieve” with sorption active centers that are able

to interact with the components of a liquid mixture by van der Waals, dipole-

dipole, and ion-dipole forces, or hydrogen-bonding (24). The mass transport

depends to a considerable extent on the affinity of the membrane polymer

for components of the separating mixture (16). Quantitatively, the affinity

can be expressed in terms of the Flory-Huggins interaction parameter x

which determine intermolecular forces and also characterize the solubility

of a polymer in a given solvent (25). According to the Flory-Huggins

theory (26) the Gibbs energy of mixing 4Gm is given by equation:

DGm

RT
¼ Inwi þ wp þ xw2

p ð4Þ

where wi is the volume fraction of the solvent in the polymer and wp is the

volume fraction of the polymer. The value of the dimensionless binary inter-

action parameter x could be calculated from the following expression:

x ¼
�Inwi � wp þ DGm=RT

w2
p

¼
�Inwi � wp

w2
p

þ
DGm

RTw2
p

ð5Þ

In the case of equilibrium sorption of the solvent in the polymer, the dimen-

sionless binary interaction parameter can be estimated by Eq. 6 (see e.g.

paper (27)):

x ¼
�Inwi � wp

w2
p

ð6Þ

that would be valid if 4Gm is zero.

If the interaction between the polymer and the penetrant increased, the

amount of penetrant inside the polymer also increases and x decreases. In

contrast, with decreasing affinity between the polymer and the penetrant, x

increases. Therefore, a lower value of x implies higher sorption (28). More

correctly the left side of equation (6) corresponds to the value

x0 ¼ x�
DGm

RTw2
p

ð7Þ

that should be valid in general case of 4Gm = 0.

We studied equilibrium vapor sorption of ethanol, acetic acid, water, and

ethyl acetate in PPO and C60-PPO homogeneous membranes. Table 3 lists

data that show a better sorption capacity of fullerene-containing membranes

for ester, acid, and alcohol than that of PPO membranes. Ethyl acetate

exhibits the highest sorption, followed by acetic acid and ethanol. Water

appears to be absolutely inert to polymers under study.

Absence of water sorption in our membranes and high sorption capacity

for ethanol and ethyl acetate play an important role in pervaporation of

systems involving these components, especially, in binary systems: ethyl
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acetate—water and ethanol—water. The pervaporation of ethyl acetate–water

mixtures was studied in dilute aqueous solutions containing , 7 wt% ethyl

acetate. The reason is the phase separation (liquid phase splitting) of ethyl

acetate–water system over a wide composition range. This mixture is homo-

geneous at ethyl acetate concentration below �7 and above �97 wt%.

Figure 1 shows that C60 addition to PPO increases membrane selectivity.

At the same time, the addition of C60 only slightly changes the flux across the

membranes: from 0.48 (PPO membrane) to 0.52 kg m22 h21 (2 wt% C60-PPO

membrane) in pervaporation of 7 wt% aqueous ethyl acetate. This may be a

result of two opposite factors: decreasing free volume of fullerene-containing

membranes, on the one hand, and increasing their swelling in ethyl acetate, on

the other hand.

The pervaporation of ethanol–water mixtures by using PPO and C60-PPO

membranes is a rather complicated process (27). Figure 2 shows dependences

of (a) ethanol content in permeate and (b) selectivity on ethanol content in feed

in the pervaporation of ethanol–water mixture by using PPO and C60-PPO

membranes. The course of the permeate—feed concentration dependence

for pervaporation differs essentially from the vapor–liquid equilibrium

diagram for the ethanol–water system (Fig. 2a). In pervaporation, the

permeate is enriched with water. For each composition of the feed mixture,

the ethanol content in the permeate decreases with increasing C60 amount in

membranes. Hence, the addition of C60 to PPO leads to the increase in selec-

tivity of the water removal process (Fig. 2b). This fact is determined by

decreasing free volume in fullerene-containing samples (Table 1) and may

be a reason for the decrease in the size of transport channels in C60-PPO

membranes. In this case the predominant transfer of smaller water

molecules is enhanced.

Figure 3 shows the dependence of specific permeation flux, J . l, on the

ethanol content in the feed in the pervaporation of the ethanol–water

mixture. The total permeation flux, J, is inversely proportional to membrane

thickness, l, which varied from 50 to 80 mm, and permselectivity strongly

depends on it. Therefore, the product J . l was used for comparing the

Table 3. Sorption capacities and parameters x0 for polymer membranes

and components of esterification reaction, 208C

Component

S, wt.% Parameter x0

PPO 2% C60–PPO PPO 2% C60–PPO

Ethanol 13.0 15.0 1.45 1.34

Acetic acid 23.6 24.2 1.29 1.24

Water 0 0 – –

Ethyl

acetate

23.4 26.4 1.22 1.13
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permeability of homogeneous membranes with different thickness, just as in

(29). Figure 3 shows that C60 additives increase the penetrant flux across

the membrane. Furthermore, permeability of membranes increases with

increasing ethanol concentration in the feed, although ethanol is the less

permeable component of the mixture. This fact is unusual and may be

connected with sorption properties of membranes with respect to ethanol

and water.

For PPO and 2 wt% C60-PPO membranes, equilibrium swelling or sorp-

tion in pure liquids (ethanol and water) and in their mixtures was measured.

Figure 4 shows the dependence of equilibrium sorption on ethanol concen-

tration in the ethanol–water mixture. The sorption is absent in pure water

for both PPO and 2 wt% C60-PPO membranes. It could be due to the fact

that PPO is a hydrophobic polymer, and its contact angle in water is greater

than 908. Addition of C60 increases the contact angle and hydrophobic prop-

erties of membranes.

However, ethanol is adsorbed readily and even a small amount of ethanol

in aqueous solution initiates PPO swelling markedly. In this case, C60

additives increase the sorption capacity of membranes, which is consistent

with the data of Tables 1 and 2 demonstrating that the contact angle and the

Figure 1. Dependence of separation factor, aethyl acetate/water, on ethyl acetate content

in feed for the pervaporation of water–ethyl acetate mixture through (1) PPO, (2) 2

wt% C60-PPO membranes.
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Figure 2. Dependence of (a) ethanol content in permeate and (b) separation factor,

awater/ethanol, on ethanol content in feed for the pervaporation of water–ethanol

mixture through (1) PPO, (2) 1 wt% C60-PPO, and (3) 2 wt% C60-PPO membranes.

(4) Vapour–liquid equilibrium curve.
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interaction parameter of fullerene-containing membranes decrease in ethanol.

This is responsible for the fact that the increase of ethanol concentration in

aqueous solution leads to increasing equilibrium sorption in 2 wt% C60-PPO

to a greater extent than in PPO.

The mechanism of mass transfer in pervaporation of ethanol–water

mixture can be presented as follows. In the initial sorption, ethanol alone

takes part. Ethanol molecules interact with the PPO backbone by

hydrogen-bonding and create transport channels. Owing to high affinity

for ethanol, water penetrates these channels whose size is commensurable

with the kinetic diameter of water molecules. Water is the more

permeable component of the mixture due to the smaller size of its

molecules than those of ethanol. Increasing concentration of ethanol

(swelling agent) leads to the weakening of intra- and intermolecular

bonds in PPO membrane and to its plasticization. This facilitates the per-

meability of all membranes. Transport properties are higher in C60-PPO

membranes.

The sorption data confirm the increase in both PPO matrix plasticization

and in the number of mass-transfer channels with increasing ethanol concen-

tration in the aqueous solution. These transformations result in increasing

water permeation flux and selectivity, the tendency being more clearly

pronounced for C60-PPO membranes.

Figure 3. Dependence of permeability, J . l, on ethanol content in feed for the perva-

poration of water–ethanol mixture through (1) PPO, (2) 1 wt% C60-PPO, and (3) 2 wt%

C60-PPO membranes.
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In pervaporation of the quaternary reacting system (with ethyl acetate

synthesis reaction), the mixtures containing equal molar quantities of

reagents (acetic acid and ethanol) were studied. For the composition

(16.7 mol % acetic acid, 16.7 mol % ethanol, 33.3 mol % ethyl acetate,

33.3 mol % water) the permeate containing essentially ethyl acetate was

obtained (Fig. 5). The feed composition is close to the chemically equilibrium

state. Accordingly the shifting of chemical equilibrium in the hybrid process

(reactionþ pervaporation) should be significant. As a result, the ethyl acetate

removal promotes shifting of the reaction equilibrium and the subsequent

accelerating of esterification. Initial reagents penetrate through the

membrane only slightly. Ethanol penetrates partly; acetic acid almost comple-

tely remains in the reaction mixture in spite of high value of acetic acid

sorption. Similar small selectivity with respect to acetic acid has been noted

in pervaporation of quaternary mixture during hybrid process of butyl

acetate synthesis (30). Figure 5 shows that reaction products penetrate

through our membranes by different modes, water to a little extent, further-

more, its amount decreases in comparison with the initial amount. Hence,

the main component of the permeate becomes ethyl acetate. The use of

membranes with C60 additives leads to decreasing water content and increas-

ing ethyl acetate content in permeate.

It should be noted that the selectivity in pervaporation of the quaternary

reacting mixture depends not only on binary interactions between components

and the membrane polymer, but also on more complex competitive interplay

Figure 4. Dependence of equilibrium sorption on ethanol content in water–ethanol

mixture for (1) PPO and (2) 2 wt% C60-PPO membranes.
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between all species of the reacting system in pervaporation by using both PPO

and C60-PPO membranes.

CONCLUSIONS

Transport of small molecules through PPO membranes modified by fullerene

C60 was studied in gas separation and pervaporation processes.

Permeability coefficients of H2, O2, N2, CH4, and CO2 decrease with

increasing C60 content in C60-PPO membranes. In gas separation, selectivity

of C60-PPO membranes is higher than that of PPO. This is a result of inter-

action between C60 and PPO which leads to increasing polymer density and

decreasing free volume of PPO membranes modified by fullerene C60.

Membranes under study are effective in the separation of mixtures com-

prising components of ethyl acetate synthesis by esterification. In pervapora-

tion of the quaternary mixture involving 16.7 mol % acetic acid, 16.7 mol %

ethanol, 33.3 mol % ethyl acetate, 33.3 mol % water, the permeate containing

essentially ethyl acetate is obtained. The use of PPO membranes modified by

fullerene C60 leads to increasing ethyl acetate content in permeate.

In the pervaporation of ethyl acetate–water binary mixture, PPO

membranes exhibit high selectivity with respect to ethyl acetate. Modification

of PPO membranes by fullerene C60 increases the selectivity.

Figure 5. Content of quaternary mixture in feed and in permeate after pervaporation

through PPO and 2 wt% C60-PPO membranes.
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In the pervaporation of ethanol–water mixture, PPO membranes modified

by fullerene C60 exhibit dehydration properties. The increasing fullerene C60

content in membranes leads to increase in both permeability and selectivity

with respect to water.
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