
Fuel Processing Technology 139 (2015) 178–185

Contents lists available at ScienceDirect

Fuel Processing Technology

j ourna l homepage: www.e lsev ie r .com/ locate / fuproc
Ethanol purification from methanol via pervaporation using
polybеnzoхazinonеimidе membrane☆
Alexandra Yu. Pulyalinа a,⁎, Galina A. Polotskaya a,b, Кseniya Yu. Veremeychik a, Mikhail Ya. Goikhman b,
Irina V. Podeshvo b, Alexander M. Toikka a

a Department of Chemical Thermodynamics and Kinetics, Saint Petersburg State University, Saint Petersburg, Russia
b Institute of Macromolecular Compounds, Russian Academy of Sciences, Saint Petersburg, Russia
☆ The authors declare no competing financial interest.
⁎ Corresponding author.

E-mail address: alexandra.pulyalina@gmail.com (A.Y.

http://dx.doi.org/10.1016/j.fuproc.2015.07.023
0378-3820/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 4 March 2015
Received in revised form 16 July 2015
Accepted 20 July 2015
Available online 20 August 2015

Keywords:
Biofuel
Methanol/ethanol separation
Pervaporation
Polybenzoxazinoneimide
Polybenzoxazinoneimide membrane was prepared in three steps: a dichlorodianhydride (obtained by the reac-
tion of trimellitic anhydride with 4,4′-oxydianiline) was treated with methylene-bis(anthranilic acid). The
resulting polyamic acid was dissolved in N-methylpyrrolidone, the solution was cast as a thin film, the solvent
was evaporated and the membrane was heated under controlled conditions to convert polyamic acid into
polybenzoxazinoneimide. Density, free volume parameters, sorption parameters for methanol and ethanol of
the membrane were determined. The membrane was used for the pervaporation of methanol/ethanol mixtures
containing 5–20wt.%methanol which are mixturesmodeling bioalcohol. Themembrane was preferentially per-
meated by methanol with high separation factors.
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Pulyalinа).
1. Introduction

Since the 1980s ethanolwas applied in the energymarket as a prom-
ising alternative energy source, which competes successfully with a
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gasoline. In a number of countries ethanol efficiently employs as automo-
bile fuel; it can be used as independent fuel or as additive (3–25 wt.%
ethanol) [1]. The application of ethanol improves the ecological feature
of the fuel due to reducing the release of carbon dioxide into the atmo-
sphere. At present the significant amount of the ethanol is produced by
the enzymatic fermentation of food containing carbohydrates. Biosynthe-
sis has the environmental and economic advantages. However, the prod-
uct of fermentation, except the main admixtures such as water and CO2,
contains methanol which can also be derived from biomass [1]. Purifica-
tion of the ethanol from admixtures is a technically complicated task
and involves an energy-intensive separation process to concentrate the
diluted streams obtained in the fermentation stage and to overcome the
azeotropic behavior of the ethanol–water mixture. It is usually solved
by the sequential separation of ethanol from the other components by
distillation. However, this technique does not satisfy the requirements
of themodern environmentally appropriate, economically and technolog-
ically founded processes of separation and purification of liquids. In the
recent years the purification of the ethanol from numerous admixtures
(mainlywater) has beenperformedby the resource-saving and ecological
method of membrane technologies — pervaporation [2–4]. The mecha-
nism of the pervaporation consists of the following steps: selective sorp-
tion of liquid molecules on the membrane surface of the feed side,
selective diffusion of thesemolecules through themembrane and desorp-
tion from the permeate side of the membrane as a vapor. Pervaporation
separationof liquidmixture is causedbydominantmembranepermeabil-
ity for component in the mixture. A wide range of pervaporation mem-
branes has been investigated in the processes of alcohol purification
[5–17]. Literature data on the pervaporation of alcohol mixtures are
very limited, especially on separation of ethanol/methanol mixture.
Bettens et al. and van Veen et al. investigatedmicroporous ceramicmem-
branes that demonstrated the separation factor (methanol/ethanol) of
17.0 and 9.0 at fluxes of 0.270 kg/m2 h and 0.8 kg/m2 h respectively in
pervaporation of ethanol/methanol (95:5 wt.%) [18,19]. These values of
separation factor are low because the microporous structure of ceramic
membranes and the poor sorption capacity cannot provide the effective
separation.

Membranes based on polymers of heteroaromatic structure are one
of the most promising for pervaporation. Some of them have been al-
ready studied in separation of aqueous solutions of acids, aldehydes, al-
cohols and exhibited preferable permeation of water. Such membranes
are characterized by the thermal stability, excellent release properties
and resistance towards liquids under study.

Xu and co-workers developed a series of membranes based on
aromatic polyimides for the ethanol dehydration [20]. All membranes
preferably permeated water at 318–348 K. The most selective and low
permeable membranes were rigid-chains polyimides. Membranes based
on polyamides with less packed structure had low separation efficiency
and a high flux. The growth of the pervaporation temperature leads to in-
creasing permeability and to decreasing membrane selectivity.

Fluorinated aromatic polyamides have been investigated in
pervaporation of water–alcohol mixtures [21]. It was shown that solu-
bility of ethanol in these membranes was higher than that of water
but diffusion of the water molecules was much faster than that of alco-
hol. As a result, separation factor of water–ethanol mixture (10:90) was
equal to 83 and flux was equal to 262 g/m2 h at 25 °C. Novel copolyimide
membranesmodified by three differentmodes of crosslinking: thermally,
by diol, or by diamine have been also studied in alcohol dehydration [22].
Membranes based on polybenzoxazinone were studied in pervaporation
of water–isopropanol mixture and showed the high separation factor in
dehydration of isopropanol [14].

Polymer of heteroaromatic structure which combines the valuable
properties of polyimide and polybenzoxazinone, namely polybenzo-
xazinoneimide, was developed and investigated as gas separation
membrane that exhibited high permselective properties [23].

The aim of the present work was to study polybenzoxazinoneimide
(PBOI) as a membrane material in separation of alcohol mixtures to
solve the unique task — ethanol purification from methanol admixture
via pervaporation. PBOI has not been researched as a pervaporation
membrane. It should be noted that PBOI precursor — imidе-сontaining
polyamiс aсid (PI-PAA) was studied as a thin selective layer of composite
membraneonporous support in separation of aqueous solutionof organic
liquids (ethanol, isopropanol, acetone, ethyl acetate) and organic–organic
mixture (methanol/cyclohexane) [24].

2. Experimental

2.1. Materials

Solvents and reagents were purified andmonomerswere synthesized
as described in [25]. Theywere trimellitic anhydride (mp= 167 °C), aro-
matic diamine (bp=191 °C), thionyl chloride (bp=75.5 °C),methylene-
bis(anthranilic acid) (MBAA) (mp = 239–240 °C), acetic anhydride
(bp = 140 °C), pyridine (bp = 115 °C),benzene (bp = 80 °C),
trifluoroacetic anhydride (bp = 39.5–40 °C), N,N-dimethylformamide
(DMF) (bp=153 °C).N-methylpyrrolidone (Fluka)wasusedwithout ad-
ditional purification. Methanol and ethanol were purchased from Vekton
Co (Russia) and purified by two times rectification. The purity of alcohols
was verified chromatographically as 99.99 wt.% (impurity of water was
0.01 wt.%).

2.1.1. Synthesis of dichloroanhydrides of bis(trimellitimidodicarboxylic)
acids

A three-neck round-bottom flask equipped with a stirrer, a ther-
mometer, a reflux condenser, and an inlet for argon was charged with
aromatic diamine (0.1 mol) and DMF (150 ml). After cooling to 0 °C,
trimellitic anhydride (0.2 mol) dissolved in 50 ml of DMF was added.
While anhydride was being added, the temperature of the reaction
mixture was not higher than 10 °C. After the reaction mixture was
stirred for 6 h, acetic anhydride (24 ml) and pyridine (6 ml) were
added [26]. The mixture was heated at 150 °C for 5 h and then cooled
to room temperature. The precipitate of bis(trimellitimide)was filtered,
washedwith DMF and acetone, and driedwith a lamp and in vacuum at
180 °C for 6 h. A one-neck round-bottom flask equipped with a reflux
condenser was charged with bis(trimellitimide) (0.01 mol) and a ten-
fold excess of thionyl chloride, and some drops of DMF were added.
After the mixture was heated for 7 h, it was cooled. The formed crystals
were filtered,washedwith toluene, and dried in vacuumat 80 °C for 6 h.
Dichloroanhydrides were formed according to the Scheme 1a.

2.1.2. Synthesis of imide-containing polyamic acid (PI-PAA)
A flask equipped with a stirrer was charged with MBAA (0.01 mol)

and N-methylpyrrolidone (20 ml), and the mixture was stirred until
MBAA completely dissolved. Then, the solution was cooled to 0 °C
using awater bath. Dichloroanhydride (0.01mol)was added to a cooled
solution. After the suspension was stirred at 0 °C for 15 min, propylene
oxide (0.3ml)was added, the coolingwas stopped, and themixturewas
stirred at room temperature for 5 h. The scheme of formation of imide-
containing poly(amic acid)s is outlined in the Scheme 1b.

The PI-PAA solution was used for the film preparation directly after
synthesis without any purification.

2.2. Membranes preparation

Dense PI-PAA films (~20–30 μm thick) were obtained by casting the
10wt.% PI-PAA solution inN-methylpyrrolidone on a glass plate followed
by evaporation of the solvent at 80 °С in the air for 5 days. Membranes
were dried to a constant weight at 80 °C in vacuum for 10 days.

Dense PBOI membranes (~20 μm thick) were obtained by heating
PI-PAA membranes as a result of the solid-state reaction (Scheme 1b).
The heating was carried out by a stepwise mode: 120 °С for 30 min;
140 °С for 20 min; 160 °С for 20 min; 180 °С for 20 min; 200 °С for



Scheme 1. Synthesis of PBOI.
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20 min; 250 °С for 30 min; 300 °С for 30 min in the electrical furnace
“SNOL 7.2/1100, Lithuania” in an argon atmosphere.

FTIR spectra of PBOI films were recorded in the range of
450–4000 cm−1 on a Shimadzu FTIR-8400S spectrophotometer. The
spectrum showed absorptions at 1760 (CO) and 1250 cm−1 (C–O–C)
benzoxazinone ring, 1780 (CO) and 1308 (C–N) imide ring; the data con-
firm PBOI structure (composition).

The thermal characterization was carried out by standard technique
using modified derivatograph “C” (MOM, Hungary). Thermal stability
characterizes the polymer durability against destruction and deter-
mines the upper exploitation temperature of a polymer product. Ther-
mal stability parameters are temperatures (τ1, τ5, and τ10) at which
the sample weight reduces in 1, 5, and 10 wt.%, respectively, due to
destruction. The PBOI values of τ1 = 398, τ5 = 455, and τ10 = 492 °C
indicate on high thermal stability of PBOI membranes.

2.3. Density and free-volume parameters determination

The film density ρ was estimated using the flotation method with a
laboratory-mademeasurement unit. Themixture of toluene and carbon
tetrachloride (volume ratio 4:1) was used to equilibrate the specimens
at 20 °C.

The fixed volume of liquid mixture which was in equilibrium with
specimen was collected in the pycnometer and weighed. The density
ρ was determined as:

ρ ¼ ml−mp

VP
ð1Þ
where ml — the weight of the liquids mixture, mp — the weight of the
pycnometer, VP — volume of pycnometer.

Fractional free-volume FFV of the polymerfilmwas calculated by the
following equation [27]:

F FV ¼ V0–1:3 � Vwð Þ=V0 ð2Þ

where V0 = 1/ρ is the polymer specific volume and Vw is the van der
Waals volume of the repeat unit calculated by Bondi's method [28].
Themolecular packing coefficient kwas calculated as ratio of the exper-
imental value of polymer film density ρ and theoretical value ρtheor of
Van-der-Waals density of the tightly packed polymer [29]:

k ¼ ρ
ρtheor

¼ ρ � Vw

M
ð3Þ

where M is the molecular weight of the polymer repeat unit.

2.4. Sorption study

Sorption experiments were performed by immersion of samples
into a solvent contained tubes (methanol or ethanol) which were
placed in the thermostat at 20 °С. The weight change was determined
gravimetrically with the error ±10−4 g. At the appropriate time inter-
vals the samples were taken out, dried with a filter paper and weighed.
The experiment was continued until equilibrium was attained. The
kinetic curves of sorptionwere plotted. The sorption equilibriumdegree
Sw was calculated as the ratio of the difference between the weight of



Table 1
Physical properties of PBOI membrane.

Membrane Tg [26], °C Density, g/cm3 Fractional free volume, FFV Molecular packing coefficient Solubility parameter, δ, (J/cm3)1/2

PBOI 271 1.42 0.08 0.71 28.2
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swollen membranes mwet at equilibrium and the weight of dry sample
m0 to the weight of dry sample m0 [30]:

Sw ¼ mwet−m0

m0
: ð4Þ

After completion of sorption experiments, the solvent desorption
was carried out by exposing the samples to the air atmosphere and
temperature 20 °С in the controlled environment of the exsiccator con-
taining molecular sieve absorber (zeolites). The change of the sample
weight as a function of time was recorded until equilibrium has been
reached. Kinetics curves of desorption allows determination of the dif-
fusion coefficient D by the equation [30,31]:

D ¼ π
16

tanβð Þ2 ð5Þ

where tanβ is tangent of the initial linear slope of the desorption kinetic
curves.

In pervaporation the mass transfer largely depends on the interac-
tion between the polymer membrane and the separating components
of the mixture. Therefore, for each liquid the thermodynamic interac-
tion parameter for system polymer-solvent χ1 was determined using
the Flory–Huggins equation [30,32]:

lna1 ¼ ln 1−φ2ð Þ þ 1−
1
Z

� �
φ2 þ χ1φ

2
2

� �
ð6Þ

where a1 is the activity coefficient of the penetrant, Z is the number of
segments of the polymer chain, φ2 is the volume fraction of polymer
in the swollen membrane that was determined by the equation:

φ2 ¼ 1

1þ ρ2

ρ1
� Δs

ð7Þ

ρ1 and ρ2 are density of the solvent and polymer, respectively, Δs is
portion of solvent in the swollen membrane, g/g polymer.

For individual liquids a1 = 1, thus the interaction parameter χ1 was
calculated as:

χ1 ¼ − ln 1−φ2ð Þ þ φ2½ �
φ2
2

: ð8Þ

2.5. Pervaporation

The pervaporation experiment was carried out using the laboratory
cells with an effective membrane area of 14.8 cm2 at 20, 50 and 70 оС
with stirring. Downstream pressure below 10−3 kPa was maintained.
The feed was methanol/ethanol mixture. The permeate was collected
into a liquidnitrogen cooled trap,weighed and analyzed. The composition
of permeate was determined using gas chromatograph «Chromatec–
Table 2
Physical properties of penetrants at 25 °C.

Liquid Tb, °С Density,
g/cm3

Molar volume,
сm3/mol

Viscosity,
mPa·s

Solubility parameter,
δ, (J/cm3)1/2

Methanol 64.7 0.792 40.4 0.547 29.7
Ethanol 78.37 0.789 58.3 1.096 26.0
Crystal 5000.2» (Chromatec Company, Russia) with thermal conductivity
detector.

From the pervaporation experiments, total flux J and separation
factor β were calculated. The separation factor β was determined by
the following equation:

β ¼ XMethanol=ХEthanol

YMethanol=YEthanol
ð9Þ

where YMethanol and YEthanol are weight fraction ofmethanol and ethanol
in the feed, ХMethanol and ХEthanol are weight fraction of methanol and
ethanol in permeate.

Total permeation flux J was defined by the equation:

J ¼ m
t � S ð10Þ

wherem is the weight of liquid penetrated throughmembrane area per
time t and S is the effective surface area of the membrane. The fluxes
were determined with the error within ±10−2 g/m2 h.

To compareflux ofmembraneswith different thickness l varied from
20 to 30 μm, the values of normalized total flux Jn were used. Jn is the
flux through membrane with 20 μm thick calculated as:

Jn ¼ J � l
20

: ð11Þ

Data on the normalized total flux and the concentration of a compo-
nent in permeate ciwas used for calculating individual fluxes ofmethanol
and ethanol Ji as follows:

Ji ¼ ci � Jn: ð12Þ

For the evaluation of intrinsic properties of penetrant–membrane
system, permeability and selectivity were calculated [33]. Membrane
permeability Pi is a componentflux normalized formembrane thickness
and driving force was found as:

Pi ¼ ji
l

pi0−pil
ð13Þ
Fig. 1. Kinetic curves of methanol and ethanol desorption from swollen PBOI membrane.



Fig. 2.Dependence of (1) separation factor and (2) totalflux onmethanol concentration in
the feed, 20 °C.
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where ji is a flux of component i, cm3 (STP)/cm2 s, and pi0 and pil are the
partial pressures of component i on both sides of themembrane (0 stands
for the surface on the feed side and l — for the surface on the permeate
side). Permeability was calculated in Barrers (1 Barrer = 1 · 10−10

(cm3 (STP)·cm/cm2 s·cm Hg)). In this study, pil is assumed to be
negligible since the high vacuum was applied in the permeate side
of the membrane.

Membrane selectivity αMethanol/Ethanol was defined as the ratio of the
permeabilities:

αMethanol=Ethanol ¼
PMethanol

PEthanol
: ð14Þ

3. Results and discussion

3.1. Physical properties

Combination of imide and oxazinone fragments in the PBOI main
chain leads to goodmechanical parameters of themembrane, resistance
to many solvents, and thermal stability up to 400 °С [20]. Data on some
physical properties of the PBOI membrane are presented in Table 1.

The membrane density was estimated by the flotation method and
was used for calculating the fraction free volume. FFV of a polymer
membrane depends mainly on the chain rigidity and strength of
an interaction between macromolecules. As a rule, FFV was about
0.1 ÷ 0.19 for polyimides [34]. In the case of PBOI membrane, the
value of FFV was equal to 0.08 that indicates on very close-packed
structure of macromolecules in the membrane. Molecular packing
coefficient of PBOI was equal to 0.71. It is higher than the average
value of molecular packing coefficient for fully amorphous polymers
(around 0.68) [29]. PBOI exhibited high glass transition temperature and
so the polymer should be in a glassy state during the pervaporation at
high temperature [26].

PBOI solubility parameter δwasdefinedas the square root of the cohe-
sive energydensitywhich corresponded to the energy of vaporizationΔEv
per molar volume Vw [35]:

δ ¼ ΔEv=Vwð Þ1=2: ð15Þ

Data on PBOI solubility parameter δ can be used to predict solubility
of the polymer in different liquids. According to the solubility theory
[35], the less difference in solubility parameters of polymer and liquid
|Δδ| leads to the better solubility of this liquid in the polymer. Table 2
lists solubility parameters and other physical properties of liquids
under study. The small difference between the solubility parameters
ofmethanol and PBOI comparedwith thedifference of these parameters
for ethanol indicates on a better interaction of the membrane material
with methanol.

3.2. Transport properties

The mechanism of pervaporation involves selective solution of
solvent molecules on the skin layer of the membrane, evaporation of
molecules, selective diffusion through the membrane and desorption
from the permeate side of the membrane. Thus special attention was
given to investigation of sorption and transport parameters.
Table 3
Data on sorption degree, diffusion coefficient and interaction parameter χ for PBOI
membrane.

Liquid Sorption degree,
%

Flory–Huggins parameter
χ1

Diffusion coefficient,
m2/s

Methanol 4.3 2.0 20 · 10−13

Ethanol 1.8 2.7 7 · 10−13
3.2.1. Sorption study
Sorption experiments enable to study the kinetics of sorption and

desorption processes of methanol and ethanol in the membrane. They
were carried out by the immersing of PBOI samples into individual liq-
uids (methanol or ethanol). Kinetics of sorption is controlled by the dif-
fusion of penetrant molecules between the polymer chains.

The data on desorption ofmethanol and ethanol from swollenmem-
brane are presented as kinetics curves in Fig. 1. The kinetics curves are
given in suitable coordinates for determination of diffusion coefficients.
In the case of one-dimensional diffusion,when diffusion coefficient,D, is
independent on concentration at the initial time (Мt/М∝ b 0.6), accord-
ing to Fick's second law, the amount of sorbs/desorbs substance per
time t, Mt, was calculated by the equation [30,31]:

Mt

M∞
¼ 4

l
Dt
π

� �1=2

; ð16Þ

where M∞ is the equilibrium amount of desorbed substance.
Desorption of methanol occurs more rapidly than that of ethanol.

Linear regions in the initial stage of desorption were used for the calcu-
lations of diffusion coefficients. As seen from Table 3, diffusion coeffi-
cients of methanol are 3 times higher than those of ethanol. This fact
seems to be important in separation of methanol/ethanol mixture via
pervaporation.

Table 3 lists data on the equilibrium sorption degree and Flory–
Huggins parameter χ1 of polymer–liquid interaction for PBOI–methanol
Fig. 3. Dependence of the total flux and fluxes of individual components on methanol
concentration in the feed, 20 °C.



Fig. 4. The dependence of the flux and permeability on the methanol concentration in the feed for methanol (A) and ethanol (B) in pervaporation of methanol/ethanol mixture, 20 °C.
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and PBOI–ethanol systems. The sorption degree ofmethanol ismore than
two times higher than that of ethanol. The lower value χ1 in the case of
methanol in contrast to ethanol indicates the better polymer affinity to
methanol as compared with ethanol that is in agreement with the previ-
ous data. Table 3 provides data that the methanol molecules can diffuse
through the polymer matrix faster than the ethanol molecules due to
the smaller size. Thus, the methanol sorbed and penetrated through
PBOI membrane better in comparison with the other alcohol. This fact
plays an important role in separation of methanol/ethanol mixture by
pervaporation.

3.2.2. Pervaporation of methanol/ethanol mixture
PBOI membrane was studied in the pervaporation of methanol/

ethanol mixture over the concentration range from 5 to 20 wt.%
methanol in the feed at 20 °C. The membrane was more permeable for
methanol than for ethanol. Methanol concentration in the permeate
was 99.9 wt.% over all range of feed composition (the traces of water
in permeate were around 0.01 wt.%).

Fig. 2 shows the separation factor and the total permeation flux of
the membrane vs. the methanol concentration in the feed. The separa-
tion factor (methanol/ethanol) decreases while total flux increases
with the growth of methanol concentration in the feed. The dominate
permeability of methanol in pervaporation can be explain the fact
that the membrane preferably sorbs methanol molecules. Also due to
dense structure of the membrane the smaller methanol molecules dif-
fuse more easily through the polymer matrix as comparison ethanol.
Thus ethanol flux is negligible.With growth of themethanol concentra-
tion in the feed, high sorption of permeants leads to decreasing density
Fig. 5. The dependence of separation factor and selectivity (methanol/ethanol) on the
methanol concentration in the feed, 20 °C.
of the swollenmembrane and increasing the fraction free volume in the
membrane structure. In this case diffusion ability of liquid molecules
through the membrane increases. Thus, curve 2 (Fig. 2) demonstrates
the increase of the total flux with growth of methanol concentration
in the feed.

To interpret the transport of methanol/ethanol mixture through the
membrane, fluxes of individual components were isolated from the
total flux. Fig. 3 shows that total flux is mainly determined by themeth-
anol flux through the membrane due to high sorption and diffusion pa-
rameters of methanol. Contribution of ethanol flux is extremely low.

The high separation effectiveness of PBOImembrane in pervaporation
of methanol/ethanol mixture is connected with the fact that the vapor
pressure of methanol (11.8 kPa) is higher than that of ethanol (5.9 kPa)
[36]. If the effect of driving forces (also the vapor pressure, the volatiliza-
tion, etc.) is removed, the effect of the membrane itself can be seen from
the parameters of permeability and selectivity. Therefore, using Baker
et al. approach [33], the permeability of methanol and ethanol and the
selectivity, αMethanol/Ethanol, were calculated for PBOI membrane. Figs. 4
and 5 show the normalized properties in comparison with ordinary
data on flux and separation factor.

Fig. 4A shows the increase of methanol flux and permeability with
growth of methanol concentration in the feed. The upper position of
flux curve is mostly due to contribution of methanol vapor pressure.
The lower position of permeability curve indicates on removing the
effect of driving forces. Fig. 4B demonstrates the same trend for ethanol
flux and permeability as in the case of methanol. The significant differ-
ence is in themagnitudes offlux andpermeability, they aremuchhigher
in the case of methanol as compared with ethanol.
Fig. 6. The dependence of separation factor (1) and total flux (2) on temperature in
pervaporation of methanol/ethanol mixture of different composition.



Fig. 7. The logarithmic dependence of individual fluxes on temperature in pervaporation
of methanol/ethanol mixture of different composition.
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The PBOI membrane selectivity indicates also on its affinity towards
methanol. Fig. 5 shows decrease of both separation factor and selectivity
with growth of methanol concentration in the feed. The PBOI mem-
brane exhibited lower value of selectivity as compared with separation
factor. The highest selectivity and separation factor were achieved in
pervaporation of mixture containing 5 wt.% methanol.

Thus, it was established thatway of change in fluxmatcheswith that
in permeability as well as way of change in separation factor matches
with that in selectivity. Consequently, the individual properties of
PBOI membrane were in concordance with data obtained in the real
pervaporation process. This fact determines high permselectivity and
perspective application of PBOI membrane in pervaporation of metha-
nol/ethanol mixture [37].

3.3. Effect of temperature in pervaporation

The effect of operating temperature on the pervaporation perfor-
mance was studied for the feed containing 5, 10, and 20 wt.% methanol
at 20, 50, and 70 °C. Fig. 6 shows the dependences of separation factor
and the total flux on the operating temperature. The separation factor
decreases when the operating temperature increases. The permeation
rate increases with temperature growth from 20 to 70 °C for all feed
compositions. When the thermal energy increases, the motion of the
polymer chain segments intensifies and the free volume of the mem-
brane increases consequently which leads to increase of the total flux.

Fig. 7 shows the logarithmic dependence of the individual fluxes on
the inverse temperature in pervaporation of the three compositions of
methanol/ethanol mixtures (5:95), (10:90), and (20:80) wt.%. The line-
ar type of curves gives an opportunity to estimate the activation ener-
gies of individual components permeation using the Arrhenius type
equation [38–41]:

ln Ji ¼ J0 exp −
EPi
RT

� �
ð17Þ
Table 4
Activation energy of methanol and ethanol permeation.

Feed composition, wt.% Activation energy of permeation,
EPi, kJ/mol

Methanol Ethanol Methanol Ethanol

5 95 14.5 17.0
10 90 14.0 15.0
20 80 12.5 13.5
where Ji is the flux of individual component in pervaporation, J0 is a pre-
exponential factor, EPi is the activation energy of individual component
permeation,R is the universal gas constant and T is the absolute temper-
ature. When the temperature increases, vapor pressure in the feed
compartment also increases, but the vapor pressure in the product com-
partment does not change. This leads to an increase of driving forcewith
the temperature.

Table 4 lists data on the activation energy of methanol and ethanol
permeation in pervaporation using PBOI membrane. The activation
energy of methanol permeation is lower than that of ethanol. This fact
confirmed that membrane exhibited higher separation efficiency to
methanol. The growth ofmethanol concentration in feed leads to EPi de-
crease. The feed containing 20 wt.% methanol shows the lowest EPi and
the feed containing 5wt.%methanol has thehighest one among the feed
compositions under study. The systemwith high EP needs more energy
for permeation.

Table 4 gives ability to EPi of individual components. The values of EP
methanol are lower than those of ethanol in all cases. This fact confirmed
that methanol transport through themembrane needs lower energy for
permeation and PBOI membrane exhibits higher separation efficiency
towards methanol.

Finally, it should be noted that separation properties of PBOI mem-
brane exceed that of ceramic membranes [18,19] in pervaporation of
ethanol/methanol (95:5 wt.%) mixture; separation factor of PBOI is
equal to 18,000 against 17 for ceramic membrane. Flux through PBOI
membrane is lower than that of ceramic membrane (0.0015 against
0.270 kg/m2 h), but this problem can be solved by formation of compos-
ite membrane with thin PBOI layer on a porous support.

4. Conclusions

The physicochemical and transport properties of thermally resistant
andmechanically strong PBOImembrane were investigated to estimate
its possible application in the purification of ethanol frommethanol ad-
mixture by pervaporation. Values of density, fraction free volume and
molecular packing coefficient indicate very close-packed structure of
PBOI molecules in the membrane. Mass transport of methanol and etha-
nol through PBOI membrane was studied in sorption and pervaporation
tests. It was established that sorption degree and diffusion coefficients
of methanol are higher than that of ethanol.

In pervaporation of methanol/ethanol mixture over the concentra-
tion range from 5 to 20 wt.% methanol in the feed, the PBOI membrane
was preferably permeated by methanol with high separation factor.
Totalflux through themembrane ismainly determinedby themethanol
flux due to its high sorption and diffusion parameters; contribution of
ethanol flux is extremely low. Study on driving forces normalized prop-
erties (permeability and selectivity) showed high permselectivity of
PBOI membrane in pervaporation of methanol/ethanol mixture.

The activation energy of methanol and ethanol permeation through
PBOI membrane was calculated by Arrhenius type equation using data
on pervaporation at 20, 50, and 70 °C. It was shown that the molecules
of methanol overcome lower energy barrier as compared with ethanol
at permeation through the membrane and so the flux of methanol is
dominating in pervaporation. PBOI membrane is highly effective in the
separation of methanol/ethanol mixtures and can be proposed for puri-
fication of ethanol as a biofuel. In pervaporation of ethanol/methanol
(95:5 wt.%) mixture the separation factor of the PBOI membrane is
equal to 18000, low value of the total flux (1.5 g/m2 h) can be overcame
by formation of composite membrane with thin PBOI layer on a porous
support.

Abbreviations

PI-PAA imide-containing polyamic acid
PBOI polybenzoxazinoneimide
STP standard temperature and pressure



185A.Y. Pulyalinа et al. / Fuel Processing Technology 139 (2015) 178–185
List of symbols
α membrane selectivity
β separation factor
δ solubility parameter, J/cm3

ρ density, g/cm3

τ thermal stability parameters are temperatures, °C
φ2 volume fraction of polymer
χ1 interaction parameter for system polymer-solvent
a1 activity coefficient
D diffusion coefficient, cm3/s
EP activation energy, kJ
ΔEv energy of vaporization, J/cm3

FFV fractional free-volume
J permeation flux, g/m2 h
l thickness, μm
M molecular weight of the polymer repeat unit, g/cm3

Мt amount of sorbs/desorbs substance per time, g
M∞ equilibrium amount of desorbed substance, g
m weight of liquid penetrated through membrane, g
m0 weight of dry sample, g
ml weight of the liquids mixture, g
mp weight of the pycnometer, g
mwet weight of swollen membranes, g
Pi membrane permeability, barrer
p partial pressures of component, kPa
R universal gas constant, J/mol·K
Sw sorption degree, %
S surface area of the membrane, m2

T absolute temperature, K
Tb boiling temperature, °C
Tg glass temperature, °C
t time, h
tanβ tangent of the initial linear slope of Мt/M∞vs·t
V0 polymer specific volume, cm3/g
VP volume of pycnometer, cm3

Vw van der Waals volume, cm3/g
Х weight fraction of the component in permeate, wt.%
Y weight fraction of the component in the feed, wt.%
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