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ABSTRACT: Hydroxy-terminated polybutadiene-based po-
rous and nonporous polyurethaneurea membranes were
prepared and used to study the phenol separation efficiency
from dilute aqueous solution. The porosity was developed
by incorporation of lithium chloride in polymer matrix with
subsequent leaching of the same in hot water. The porous
membrane showed higher phenol flux over that of nonpo-
rous membrane. Permeate containing about 97 wt % phenol
was obtained from feed containing 7 wt % phenol, when
pervaporation was carried out with porous polyurethaneu-
rea membrane at 75°C. The activation energies for diffusion,

permeation, and pervaporation were calculated from Arrhe-
nius plots. From the activation energy values, it was ob-
served that the pervaporation process became easier with
increased phenol concentration in the feed and porosity of
the membrane used. The membrane boundary resistance
was observed to decrease with increase in temperature. © 2006
Wiley Periodicals, Inc. J Appl Polym Sci 101: 1857–1865, 2006
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nol; porous membrane; separation factor; flux

INTRODUCTION

Phenol is one of the major polluting by-products in
petrochemical, coal liquefaction, and paper pulp in-
dustries. The separation of phenol from aqueous
waste streams is, therefore, very important and chal-
lenging for the sake of industrial safety and environ-
mental protection. Membrane technology has at-
tracted attention for removal of phenols and other low
volatile organics from industrial wastewater.1–4 Many
researchers have used polymeric membranes for the
separation of phenol from aqueous solution by perva-
poration.5–8 Membranes with higher phenol affinity
(permselectivity), such as polyether-block-polyamides
(PEBA),5 polyurethane,6 and poly(dimethylsiloxane)
(PDMS),9 have been used in pervaporative separa-
tions. Hoshi et al.6 and Jonquiere et al.10,11 prepared
pervaporation membranes from hydroxyterminated
polyether-based polyurethanes and found the perva-
poration performances to be guided by the flexible
(soft) segments of polyurethanes. Lai et al.12 and
Schauer et al.13 prepared polybutadiene-based poly-
urethanes and studied organic/organic as well as or-
ganic/aqueous separations. Many researchers re-
ported the effect of soft segment length,14 influence of

polar atoms borne by hard segments,15 crosslink ratio
as well as chemical and physical crosslinking8 on per-
vaporation performance. In an earlier communica-
tion,16 we reported the introduction of polybutadiene-
based polyurethane and polyurethaneurea mem-
branes for the first time for the separation of phenol
from dilute aqueous solution and showed the poten-
tials of these types of membranes for delivering high
phenol selectivity. The effect of variation in hard
segment fraction and crosslink density on phenol
selectivity and flux were reported in details. But in
spite of high selectivity of phenol, the flux obtained
in permeate seemed to be lower when compared
with other commercial membranes. We have inves-
tigated further to increase the flux by incorporating
porosity to those membranes by treatment with lith-
ium chloride and subsequently leaching out the
same in hot water.

In this communication, we present a detailed study
on pervaporation performances of porous polyuretha-
neurea membranes for separation of phenol from
aqueous solutions. The synthesized porous polyure-
thaneurea membranes were characterized by FTIR
spectroscopy and scanning electron microscopy
(SEM). Effects of various operating parameters such as
feed phenol concentration, feed temperature on sepa-
ration performance of the membranes were studied.
The experimental results were analyzed by using re-
sistance-in-series model.
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EXPERIMENTAL

Materials

Hydroxyterminated polybutadiene (HTPB, function-
ality � 2.4, hydroxyl value � 43.2 mg of KOH g�1)
with a number average molecular weight of 2580 was
received from Vikram Sarabhai Space Centre (VSSC),
India, and was used as received. 2,4-Toluylene diiso-
cyanate (TDI), obtained from Fluka AG (Germany),
was used without further purification. 4,4�-Diamin-
odiphenylsulfone (DADPS, Germany) was first dehy-
drated overnight under vacuum and then it was sub-
limed. The catalyst dibutyltindilaurate (DBTDL) and
lithium chloride, both of Fluka AG (Germany), were
used as received. Tetrahydrofuran (THF) (Merck, In-
dia) was purified before use. For purification of THF
(Merck, India), solid sodium was added first as drying
agent and then refluxed for 24 h.

Synthesis of polyurethaneurea membranes

Prepolyurethane (PPUD) was prepared by the reac-
tion of HTPB and TDI in THF with NCO : OH mole
ratio of 2 : 1 at 30°C and in presence of 0.05 wt %
DBTDL as catalyst. After 45 min of reaction between
HTPB and TDI, 100 mol % diamine (DADPS) solution
in THF (with respect to Mn of HTPB) was added
slowly to the reaction mixture containing prepolyure-
thane with constant stirring. The reaction was contin-
ued for further 15 min. The excess solvent and en-
trapped bubbles were removed from the viscous so-
lution by evacuation. The polyurethaneurea film was
cast on clean Teflon® plate. The cast films of polyure-
thaneurea (PUUSD100) were left overnight at room
temperature for moisture curing followed by thermal
curing at 80°C for 3 h. For preparation of porous
polyurethaneurea membranes (PUUSD100L1 and
PUUSD100L2), 1 and 2 wt % LiCl, respectively, (with
respect to reactant weight) were mixed in the reaction
mixture prior to casting of the film. The moisture-
cured films were treated with hot water to leach out
LiCl from the polymer matrices.

Characterization of membranes by FTIR/ATR
spectroscopy and scanning electron microscopy

Porous polyurethaneurea membranes were character-
ized in ATR mode of a Thermo Nicolet 2500 FTIR/
ATR analyzer with 32 scans performed each time.

Scanning electron microscopy of porous membranes
(PUUSD100L1 and PUUSD100L2) (after leaching of
LiCl in hot water) surfaces was carried out in JEOL
2500 scanning electron microscope both before and
after phenol permeation.

Experimental set-up

Pervaporation of phenol–water mixture was carried
out in a pervaporation cell. It is assembled from two

cylindrical half-cells made of stainless steel fastened
together by nuts and bolts. The membrane was sup-
ported on a sintered stainless steel plate placed in
between two cells. The feed liquid was circulated us-
ing a peristaltic pump. The feed temperature was
maintained by circulating hot water through the cell
jacket. For all measurements, the downstream pres-
sure was maintained at 5 mmHg by applying vacuum.
The permeate vapor was collected in a glass condenser
suspended inside a cryogenic bath kept at �15°C. The
schematic of the experimental set-up is shown in Fig-
ure 1.

Analysis of permeate

The permeate collected in glass condenser was ana-
lyzed for phenol content by volumetric redox titration.
Standard BrO3�/Br� solution was added to acidified
diluted permeate and the excess bromine was esti-
mated by iodometric back titration. The flux (J) of
permeation was calculated from the following expres-
sion:

J � Q/�A�t� gm�2 h�1 (1)

where, Q (g) is the weight of permeate (either phenol
or water or whole permeate) obtained after time t (h)
and A is the effective membrane area in m2.

Boundary resistance parameter

The separation factor for permeation (�p) of phenol
can be expressed as

�p �
Ci2

Ci1

Cj1

Cj2
(2)

Figure 1 Sketch of the experimental set-up (1: Feed inlet; 2:
Stirrer; 3: Thermometer pocket; 4: Feed chamber; 5: Perme-
ate chamber; 6: Sintered SS disk; 7: Condenser-cum-collec-
tor; 8: Cryogenic bath).
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where Ci1 and Ci2 are the concentrations of phenol in
feed and permeate and Cj1 and Cj2 are the concentra-
tions of water in feed and permeate, respectively. The
partition coefficient (Ki1) is defined as

Ki1 �
Ci3

Ci1
(3)

where Ci3 is the concentration of phenol inside the
membrane. It was estimated by vaporization and con-
densation of absorbed phenol from a swollen piece of
membrane. This was done by heating the swollen
membrane at 70°C in a sealed glass vessel and collect-
ing the vapors in a cold trap connected to vacuum.

The permeability constant of phenol (Pi) was mea-
sured following the equation

Pi � DiKi1 (4)

where Di is the diffusion coefficient of phenol.
The boundary resistance (kL

�1) at the feed–mem-
brane interface can be calculated according to resis-
tance-in-series model using the formula

1/kov � 1/kL � l/Pi (5)

where, kov is overall mass transfer coefficient and l is
the membrane thickness. The overall mass transfer
coefficient (kov) was calculated from the following ex-
pression for flux:

Ji � kovCi1 (6)

RESULTS AND DISCUSSION

The HTPB-based polyurethaneurea membranes were
prepared and modified with LiCl. The modification

was done to develop porosity in the membranes. The
prepared membranes were characterized by FTIR–
ATR and SEM techniques. FTIR–ATR spectroscopy of
the polymer surface of PUUSD100L1 membrane was
taken before and after phenol permeation as shown in
Figure 2. ATR peaks that appeared at 3376 cm�1

stands for NOH stretching frequency band of ure-
thane and urea. Peak at 2917 cm�1 stands for COH
stretching of polybutadiene segment. The peaks at
wave number of around 1641 cm�1 is indicative of
CAO stretching. Other peaks found at 662, 721, and
917 cm�1 are for spectra that arose out of CAC stretch-
ing modes. As can be seen from Figure 2, there was no
shift of the bands, particularly those for NOH and
CAO stretchings due to exposure of the membrane to
phenol solution. This clearly indicates that the synthe-
sized polyurethaneurea membrane is very stable in
phenol solution.

SEMs of polyurethaneurea membranes modified
with 1% LiCl and 2% LiCl, respectively, are shown in
Figure 3. In each case, existence of definite porous
structures was noticed. The SEMs were analyzed for
the pores using Image Pro Plus 5.1 software. The

Figure 2 FTIR–ATR spectroscopy of PUUSD100L1 mem-
brane before and after phenol permeation. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 3 Scanning electron micrographs of LiCl-modi-
fied PUUSD100 membranes: (a) PUUSD100L1 and (b)
PUUSD100L2.

SEPARATION OF PHENOL BY MEMBRANE PERVAPORATION 1859



porosity and average pore diameters were calculated
as reported in Table I. The SEMs of PUUSD100L1 was
taken before and after phenol permeation as shown in
Figure 4. As can be seen, the pore dimension became
larger after phenol permeation (Table I).

As mentioned in the membrane preparation section,
LiCl was mixed in the reaction mixture prior to casting
of the film and the moisture-cured films were treated
with hot water to leach out LiCl from the polymer
matrices. During permeation, LiCl remained in the

membrane (not leached out before) gets dissolved in
the permeating water, there by increasing the porosity
of the membrane. LiCl washed away from the pore
surfaces may be responsible for increase in size of the
pores after phenol permeation.

Pervaporation experiments were performed with both
nonporous (PUUSD100) and porous (PUUSD100L1)
membranes at various temperatures and feed solu-
tions containing 3, 5, and 7 wt % phenol, respectively.
Before pervaporation experiments, the membranes
were immersed in the phenol–water solution of same
composition as that of the feed mixture at room tem-
perature for 24 h. During this time, the membrane
material came to equilibrium with the solution. As can
be seen from Table II, the LiCl modification of poly-
urethaneurea membrane increases the phenol flux
substantially and about a twofold increase in phenol
flux was obtained at 60°C with 7 wt % phenol solution
as feed. Experiments were also carried out with 2%
LiCl-modified polyurethaneurea (PUUSD100L2) mem-
brane and the results obtained are reported in Table
III. It is evident from this table that with 2% LiCl
modified membrane the total flux as well as phenol
flux increase over that of 1% LiCl-modified mem-
brane. The separation factor of phenol, however, de-
creases with increase in porosity of the membrane.

Study of the diffusion parameters

Pervaporation process consists of three steps, sorp-
tion, diffusion, and permeation. Sorption and perme-
ation are very fast processes compared to diffusion,
and hence diffusion is the controlling factor in perva-
poration process. It is, therefore, necessary to measure
the diffusion coefficient to explain the pervaporation
process.

Experiments were carried out to measure the vari-
ous diffusion parameters with 1% LiCl modified
PUUSD100 membrane and with varying phenol feed

TABLE I
Properties of LiCl-Modified Polyurethaneuera

Membranes

Membrane
LiCl

(wt %) Porosity

Average pore diameter
(�m)

Before phenol
permeation

After phenol
permeation

PUUSD100L1 1.0 0.17 3.0 3.4
PUUSD100L2 2.0 0.20 3.8 4.1

Figure 4 Scanning electron micrographs of PUUSD100L1
membranes (a) before phenol permeation and (b) after phe-
nol permeation.

TABLE II
Comparison of Phenol Flux for Porous

and Nonporous Membranes

Phenol
conc. in
feed (%)

Temperature
(°C)

Phenol flux with
PUUSD100
(g m�2 h�1)

Phenol flux with
PUUSD100L1
(g m�2 h�1)

3

30 2.24 2.81
45 4.49 6.02
60 7.65 11.89

5

30 4.56 6.88
45 7.66 13.81
60 14.10 24.10

7

30 5.47 12.85
45 10.18 22.41
60 17.30 33.95
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concentrations at different temperatures. The value of
average diffusion coefficient (Dm) was calculated from
the slope of a plot of relative weight gain (Mt/M�) � l
against t1/2 following the sorption equation:17

Mt

M�

� 4�Dt
�l2� 1/2

(7)

where, Mt and M� are fractional weight gains of sam-
ple at time t and at equilibrium, respectively, and l is
the initial sample thickness. The measured value, Dm,
was edge-corrected following the known method13 to
get the near actual diffusion coefficient (Da). A fresh
polymer sample was immersed in solution containing
3% phenol (by weight) in a stopered conical flask kept
at the specified temperatures in an oven. The sample
was taken out from the flask from time to time to
measure the weight and returned to the system within
30–40 s to avoid incorporation of errors due to solvent
evaporation. The same experiment was repeated for 5
and 7% phenol (by weight) solutions. Figure 5 shows

a plot of (Mt/M�) � l versus t1/2 for 5 wt % phenol
solution. Similar plots were obtained with 3 and 7 wt
% phenol solutions. The diffusion coefficient was cal-
culated from the slopes of those plots and is reported
in Table IV.

Effect of feed phenol concentration

As can be seen from Table IV, the diffusion coefficient
increases with increase in feed phenol concentration.
The increase in diffusion coefficient with increase in
phenol concentration can be explained by taking into
account the hydrophobic nature of the membrane. The
polybutadiene group present in the membrane is re-
sponsible for the hydrophobic nature of membrane.
As the polyurethaneurea membrane is hydrophobic in
nature, the interaction between the membrane matrix
and phenol is higher than that of water. Increase in
phenol concentration of the feed solution increases
this interaction between phenol and the membrane
matrix. Consequently, diffusion coefficient increases
as the feed phenol concentration increases.

The permeability of phenol in the membrane, which
is defined as the product of diffusion coefficient of
phenol and partition coefficient of phenol, also in-
creases with feed phenol concentration as both diffu-
sion coefficient and partition coefficient increase with
phenol concentration in the feed solution (Table IV).

Effect of temperature

The effect of feed temperature on diffusivity and per-
meability of phenol was studied in the temperature
range of 30–60°C. As can be seen from Table IV,
increase in feed temperature increases the diffusivity
of phenol. At higher temperature, the folded chains of
polyurethaneurea membrane becomes unfolded and
consequently some free space is generated in the
membrane matrix. The penetration of phenol becomes
higher through the free space generated in the hydro-
phobic polyurethaneurea membrane at higher temper-
ature. Thus, the sorptivity of the membrane increases
with increase in temperature. Moreover, both the glass
transition (Tg) and melting transition (Tm) of PB lie

TABLE III
Pervaporation through Modified PUUSD100 Membranes

Phenol
in feed
(wt %)

Phenol conc. in
permeate (wt %)

with
Total flux (g m�2

h�1) with
Phenol Flux (g m�2

h�1) with
Separation Factor
(�p) obtained with

A B A B A B A B

3 78.58 63.44 28.35 28.92 22.28 18.35 118.7 56.0
5 91.68 80.94 40.08 43.61 36.74 35.30 209.0 80.7
7 97.12 91.22 46.06 51.21 44.73 46.72 446.8 138.2

Conditions: temperature, 75°C; A: 1% LiCl-modified PUUSD100 membrane; B: 2% LiCl-modified PUUSD100 membrane.

Figure 5 Variation of (Mt/Má) � l for PUUSD100L1 mem-
brane with square root of time at different temperatures in 5
wt % phenol solution.
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well below room temperature (Tg, �86°C; Tm, �20°C).
Therefore, at the operating temperature, the segmental
mobility of PB would be expectedly higher, increasing
the free volume, favoring diffusion and sorption. The
permeability of phenol, therefore, increases with feed
temperature as both the diffusion coefficient and sorp-
tivity increase with temperature.

Activation energy for diffusion

The effect of temperature on diffusion coefficient can
be described by the Arrhenius equation:

D � AD exp (�ED/RT) (8)

where ED is the activation energy for diffusion. The
activation energy for diffusion can be measured by
plotting ln D against 1/T as shown in Figure 6.

Similarly the effect of temperature on permeability
can be described by van’t Hoff–Arrhenius equation:

P � Ap exp (�Ep/RT) (9)

where EP is the activation energy for permeation. The
activation energy for permeation can be measured by
plotting ln P against 1/T as shown in Figure 7.

The values of activation energies for diffusion and
permeation are given in Table V. It is clear from this
table that with increase in phenol feed concentration,
activation energy for diffusion as well as that for per-

TABLE IV
Diffusion Coefficients and Permeability of Phenol in 1% LiCl-modified PUUSD100

Membrane

Phenol in
feed (wt %)

Temperature
(°C)

Diffusion coefficient
(cm2 s�1) Permeability, P

(107 cm2 s�1)Dm (107) Da (107)

3
30 1.72 1.24 33.72
45 4.47 2.83 78.19
60 14.89 9.08 254.46

5 30 4.22 3.21 87.72
45 8.87 6.26 172.91
60 17.87 12.28 344.0

7 30 7.9 5.52 150.7
45 18.65 10.83 298.91
60 22.67 13.93 389.93

Figure 6 Arrhenius plots for diffusion coefficient of phenol
in 1% LiCl-modified PUUSD100 membrane at different feed
concentrations.

Figure 7 van’t Hoff–Arrhenius plots for permeation of
phenol in 1% LiCl-modified PUUSD100 membrane at differ-
ent feed concentrations.
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meation of phenol decreases. This is due to phenol
permselectivity of hydrophobic HTPB membrane. As
activation energy denotes the difficulty of diffusion,
we can say that with increase in phenol concentration,
it becomes easier for phenol to diffuse, which is ex-
pected.

Enthalpy of diffusion, which can be calculated by
subtracting activation energy of diffusion from activa-
tion energy of permeation, is also tabulated in Table V.
As can be seen from this table, the change in enthalpy
of diffusion is almost negligible with change in feed
phenol concentration.

Penetrant transport mechanism

In liquid penetration experiment, where a penetrant
front advancing into the polymer is observed, a simple
descriptive way to quantify the penetration rate is by
using the relationship:18–20

Mt/M� � ktn (10)

where k is a constant, called rate constant of penetra-
tion, which depends on the structure of the polymer
and its interaction with solvent. The magnitude of the
Fickian index, n, denotes the transport mode. For the
Fickian mode of transport, the rate of polymer chain
relaxation is higher compared to the diffusion of the

penetrant, and the corresponding value appears very
close to 0.5. From the plot of ln(Mt/M�) against ln t for
various temperatures at different phenol feed concen-
trations, the rate constant of penetration and Fickian
index obtained are presented in Table VI. It can be
inferred from Table VI that with low feed phenol
concentration and at low temperature, transport fol-
lows non-Fickian mechanism, whereas for high feed
phenol concentration, the transport mechanism be-
comes closer to Fickian mode because of higher poly-
mer chain relaxation (increased swelling).

Study of pervaporation parameters

Effect of phenol concentration

The results of the pervaporation experiments show
that the total flux as well as the phenol flux increases
with increase in feed phenol concentration at a con-
stant temperature. The phenol flux increases from 8.32
to 33.95 g m�2 h�1 by increasing phenol feed concen-
tration from 1 to 7% at 60°C for 1% LiCl modified
membrane. It increases from 7.35 to 34.54 g m�2 h�1

by increasing phenol feed concentration from 1 to 7%
at 60°C for 2% LiCl-modified membrane. These results
are shown in Figure 8.

TABLE V
Activation Energy for Diffusion and Permeation of Phenol through 1% LiCl-modified

PUUSD100 Membrane

Phenol
in feed
(wt %)

Activation energy
of diffusion (ED)

(kJ mol�1)

Activation energy
of permeation(EP)

(kJ mol�1)

Enthalpy of
diffusion (�H � EP
� ED) (kJ mol�1)

3 55.53 56.24 0.71
5 37.46 38.16 0.69
7 26.15 26.84 0.69

TABLE VI
Penetration Parameters in 1% LiCl-Modified PUUSD100

Membrane

Phenol
in feed
(wt %)

Temperature
(°C)

Rate constant of
penetration, k
(102 min�n)

Fickian
index

(n)

3
30 1.73 0.62
45 1.97 0.62
60 3.92 0.56

5
30 3.69 0.57
45 4.63 0.56
60 6.27 0.54

7
30 3.78 0.57
45 4.41 0.55
60 5.33 0.54 Figure 8 Effect of phenol concentration in feed on various

fluxes at 60°C with modified polyurethaneurea membranes.
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The increase in phenol flux with increase in phenol
feed concentration can be explained by the increase in
diffusion coefficient with increasing phenol concentra-
tion as discussed earlier.

Effect of temperature

The results of pervaporation experiments show that
the total and the phenol fluxes increase with increase
in temperature at constant feed phenol concentration.
The variation of flux with temperature is shown in
Figure 9 for 1% LiCl-modified membrane. The feed
temperature is the driving force for faster permeation
through membrane. Temperature not only increases

diffusion coefficient, but it also makes the pervapora-
tion process faster.

Figure 10 shows the effect of feed temperature on
phenol concentration in permeate at various feed phe-
nol concentrations. It is evident from this figure that
the phenol concentrations in permeate increase with
feed phenol concentration as well as the temperature.

Activation energy for pervaporation

The temperature dependence of pervaporation can be
expressed by Arrhenius equation:

Ji � Ji0 exp (�EPerv/RT) (11)

where EPerv is the activation energy for pervaporation.
The value of activation energy for pervaporation can
be evaluated by plotting ln Ji against 1/T. The plot of
ln Jphenol versus 1/T for 1% LiCl-modified PUUSD100
membrane is shown in Figure 11. A similar plot was
made for 2% LiCl-modified PUUSD100 membrane.
The values of activation energy of pervaporation ob-
tained from these plots are tabulated in Table VII. We
can see that the activation energy decreases with the
increase in phenol feed concentration. This indicates

TABLE VII
Activation Energy for Pervaporation

Phenol in
solution
(wt %)

Activation energy (EPerv.) (kJ mol�1)

1% LiCl-modified
PUUSD100

2% LiCl-modified
PUUSD100

3 39.90 30.57
5 32.42 28.96
7 24.22 22.83

Figure 9 Effect of feed temperature on flux using
PUUSD100L1 membrane with 5% phenol solution as feed.

Figure 10 Effect of feed temperature on phenol concentra-
tion in permeate using PUUSD100L1 membrane.

Figure 11 Arrhenius plots for phenol flux at different feed
concentrations.
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the ease of pervaporation with increasing phenol con-
centration. Another important observation is the de-
crease in activation energy with increase in the
amount of LiCl, the pore-forming agent. This indicates
that pervaporation becomes easier with increase in
porosity.
Resistance-in-series model
The concentration polarization effect is taken into ac-
count in the resistance-in-series model. Resistance-in-
series model predicts two resistances acting in series,
the membrane resistance and the fluid–membrane
boundary layer resistance. The boundary layer resis-
tance (1/kL) was evaluated from the plot of overall
resistance (1/kov) against membrane resistance (l/Pi)
as given in Table VIII. The intercept values from the
plots are the boundary layer resistance (1/kL). Since in
all cases, an intercept was obtained, the existence of
boundary layer and its resistance was proved. From
Table VIII, we can see that the boundary layer resis-
tance value decreases with increase in temperature.

CONCLUSIONS

Porous and nonporous polybutadiene-based polyure-
thaneurea membranes show high phenol selectivity in
pervaporation process. A separation factor as high as
447 was obtained for phenol when the separation was
carried out at 75°C with 7% phenol solution and 1%
LiCl-modified polyurethaneurea membrane. Porous
membrane produces higher flux over that of nonpo-
rous one, hence the former is better suitable for the
treatment of industrial wastewater containing phenol.
The low membrane boundary resistance in case of
porous membrane signifies that it facilitates phenol
permeation. The activation energy for phenol perme-
ation through porous membrane was found to de-
crease with increase in feed phenol concentration. The

boundary layer resistance for the pervaporation pro-
cess was calculated according to the resistance-in-se-
ries model and it was found to decrease with temper-
ature.
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Membrane

Temperature of
feed (°C)

Membrane
resistance, l/P �

10�3 (h m�1)
Overall resistance,

1/kov � 10�3 (h m�1)

Boundary layer
resistance, 1/kL �

10�3 (h m�1)

30
3.29 9.61

5.03
4.12 10.18
4.53 11.41

45
1.42 5.45

3.22
1.77 5.86
1.95 6.32

60
0.43 3.26

2.08
0.54 3.48
0.60 3.71
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