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Selective recovery of valuable minor component with high-purity form from dilute aqueous solution is an interesting
issue in the area of organophilic pervaporation. High-purity aniline was recovered with a high production rate from
dilute aqueous solution by a pervaporation-fractional condensation (PVFC) coupling system. The effects of downstream
pressure and temperature (the first condenser) on the performance of PVFC system were investigated based on experi-
mental measurements and Aspen simulations. Sorption and desorption experiments demonstrated that the sorption selec-
tivity of poly(ether block amide) (PEBA-2533) membrane to aniline was extremely high, indicating excellent
pervaporation performance for aniline/water solutions. The perfect integration of high-performance PEBA-2533 mem-
brane with the fractional condensation process yielded high production rate of 1222.5 g/(m2 h) as well as high recovery
efficiency (86.5%) for recovering high-purity aniline in the first condenser when feed concentration and temperature
were 1 wt % and 808C, respectively. VC 2015 American Institute of Chemical Engineers AIChE J, 61: 4445–4455, 2015
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Introduction

Organophilic pervaporation is an interesting alternative pro-

cess in distillation or solvent extraction for the separation and

concentration of dissolved organics from water.1,2 It is a con-

tinuous process with minimal energy consumption, and no

need to regenerate the membrane and add an additional

entrainer and thus no secondary contamination.3,4 Nowadays,

it is widely applied for the removal and recovery of trace

amounts of organic compounds from aqueous streams such as

separation of aromas and biofuels from fermentation broth.3,5

To date, the performance of existing organophilic membranes

still cannot meet the requirements of energy consumption and

cost of investment.6 Most researches are thus concentrated on

the development of novel membranes with higher flux and

more excellent selectivity. However, the thermodynamic prop-

erties of organic compound/water system under vacuum are

still not given the attention in the area of organophilic perva-

poration, which is in fact the key issue to understand the appli-

cation potential of pervaporation.7

Vacuum pervaporation, in which vacuum is applied in the

downstream side of membrane, is the most widely utilized

mode of operation.8 The permeate in this process is generally

removed as a low-pressure vapor and then collected by conden-

sation. Because the components of the permeate vapor have dif-

ferent condensation potentials, the permeate vapor can be

trapped in cold trap by fractional condensation, which is

expected to improve the concentration of target products.9 For

example, for the separation of components (e.g., ethanol or ethyl

acetate) with low boiling point from aqueous solutions, when

pervaporation is coupled with multistage permeate condensa-

tions, the separation performance can be greatly improved.9–11

In this process, the first stage operated at a higher temperature is

mainly used for water condensation while the second stage is

mainly for condensing and collecting the target products with

low boiling points (low boilers). The target products collected

in the second condenser still contain a certain amount of water,

though the concentration of target products is significantly

improved when compared to the one-stage permeate condensa-

tion process with a single condenser. In order to further purify

these products (e.g., ethanol) to meet fuel specifications, dehy-

dration by pervaporation with hydrophilic membranes was pro-

posed.12 In contrast, for the separation of components such as

vanillin or phenol with high boiling points (high boilers) from

aqueous solutions, the target products are generally trapped in

the first condenser with a purity as high as >99%.13,14 In this

case, additional purification steps for the target products such as

evaporation, crystallization, or dehydration by hydrophilic per-

vaporation will be no longer needed. Consequently, investment

and operating costs related to additional processing will be

saved. Therefore, the aforementioned integrated process for

recovering high-boiling point compounds seems to be attractive.

Among the organic compounds separated by organophilic
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pervaporation, many of them are high-boiling compounds (boil-
ing point>1008C). Apart from being widely studied biofuels
(e.g., bio-butanol/bio-ethanol), many high-boiling aroma
compounds such as 1-octen-3-ol,15,16 ethyl hexanoate,17,18 and
vanillin13,19,20 were also recovered from fermentation broth by
organophilic pervaporation. These aromas may be recovered as
high-purity forms from aqueous solutions by pervaporation inte-
grated with fractional condensation process. If it could be
achieved, the production rate of high-purity target product (e.g.,
phenol) collected in the first condenser still needs to be improved
in order to realize its practicability for industrial applications.
Development of high-quality membranes is still the key to tack-
ling this issue; alternatively, when using the existing organophilic
membrane materials (e.g., polydimethylsiloxane (PDMS) or
poly(ether block amide) (PEBA)), seeking a more appropriate
organic compound/water system that simultaneously possesses
excellent pervaporation performance and proper thermodynamic
properties may be a feasible way because the same membrane
could have different separation efficiencies for different organic
compound/water systems in a practical process.

Aniline, an aromatic compound, has a high boiling point

(184.48C) and limited solubility in water (3.6 wt % at 258C). It

is widely used in various industries for the manufacture of

plastics, rubbers, pesticides, pharmaceuticals, and paints.

Conventional methods for the recovery of aniline from waste-

water include solvent extraction,21 adsorption,22,23 membrane

processes.24–27 Among these processes, pervaporation with

different organophilic membranes has been studied for the

separation of aniline from aqueous solutions.27–29 Due to the

high solubility selectivity toward aniline, PEBA membrane

proved to have excellent pervaporation performance for ani-

line/water system, and a proposed hybrid process, in which

pervaporation is coupled with the liquid-liquid phase separa-

tion, is used to further separate the permeate into two phases:

the water-rich phase and the aniline-rich phase.27 Unfortu-

nately, the aniline-rich phase still contains about 5 wt % water,

which is difficult to be separated even if a further separation

process is combined. However, aniline is a high-boiling

organic compound, which may be preferentially condensed

compared to water in the downstream condenser. Therefore, in

this study, a pervaporation coupled with fractional condensa-

tion process was developed for the recovery of aniline from

aqueous solutions. To the best of our knowledge, no such a

coupling process has ever been investigated for the recovery

of aniline from aqueous solutions.
PEBA is a family of copolymers consisting of hard polyam-

ide (PA) and soft polyether (PE) segments in the polymer

chains. The hard PA segments provide good mechanical

strength, while the soft PE segments offer a better permselectiv-

ity.30,31 PEBA was found to have exceptional selectivity for the

separation of aromatic hydrocarbons from water by pervapora-

tion.32 The good selectivity of PEBA to aromatic compounds

permeation derives from the strong affinity between the PE seg-

ments and aromatic compounds. Among commercially avail-

able PEBA (2533, 3533, 4033, 1657, 1740) with different

contents of PA and PE segments, PEBA-2533 membrane was

widely investigated for liquid separations such as alcohols-

water separation,33–36 aromatic-aliphatic separation,37 and

aromatic-water separation38 due to the highest content of PE

segment (�80 wt %).39 On the basis of the aforementioned

physical properties, PEBA-2533 was chosen as the membrane

material for aniline-water separation in pervaporation-fractional

condensation (PVFC) system, which is expected to result in a

higher permeation flux. PEBA-2533 membrane was subjected

to sorption/desorption studies at first for examining its pervapo-

ration performance. Then the PVFC system was developed to

recover aniline from aqueous solution, and its operation feasibil-

ity of the proposed coupling process was analyzed and dis-

cussed. Thereafter, the effects of operating conditions (feed

composition and temperature, temperature of the first con-

denser, and permeate pressure) and membrane thickness on the

production rate of high-purity aniline as well as separation fac-

tor were investigated. In addition, the thermodynamic properties

of aniline-water mixture under low pressure were also measured

in order to understand the separation mechanism.

Experimental and Simulation

Materials

PEBA-2533 was purchased from Arkema Inc., France. N,N-

dimethyl acetamide and aniline were from Tianjin Damao

Chemical Reagent Plant, China and used as analytical

reagents. De-ionized water was used in preparing aqueous ani-

line solutions at various concentrations. All chemicals were

used as received without further purification. The membranes

with various thickness were prepared using the solvent casting

method, which has been described elsewhere.38 The thickness

of each dry membrane was measured by a micrometer over at

least five different spots, and the deviation of each membrane

was less than 65 lm.

PVFC system

A schematic of the PVFC system is shown in Figure 1.

Briefly, it mainly consists of a feed tank, a recirculation pump,

a membrane cell, a condensation subsystem with two parallel

two-stage condenser, and a vacuum pump. The testing mem-

brane was mounted in the stainless steel permeation cell, and

its effective area for permeation was 16.6 cm2. The feed solu-

tion was circulated over the membrane using a recirculation

pump, and its rate was maintained at 120 L/h in all the experi-

ments. The permeate vapor was introduced into two condens-

ers in series. The first one was immersed in a low-temperature

brine bath (Shanghai Baidian Instruments Co., China), and the

second one was immersed in liquid nitrogen to completely

entrap residual permeate vapor escaped from the first con-

denser. The two parallel two-stage condenser allowed a con-

tinuous collection of permeate samples trapped in the first and

second condensers. The downstream pressure was controlled

with a vacuum regulator located between the condenser and

the vacuum pump, and it was measured by a digital vacuum

gauge (pressure range 0–10 kPa, Vacuubrand, Germany).
In order to minimize the depletion of aniline from the feed dur-

ing each experiment, a relatively large volume of feed solution

(3 L) was used. After a steady state of permeation was reached,

the remaining permeate collected in the second condenser were

weighted and then diluted to an appropriate concentration range

prior to the composition analysis with an Ultraviolet-visible Spec-

troscopy (Cary-50, Varian Co.) at a wavelength of 280 nm. The

standard deviation in measurement of aniline concentration was

63%. After closing the Valve 6, the permeate samples (usually

high-purity aniline) trapped in the first condenser (pipe coil) were

vaporized and collected in the second liquid nitrogen condenser

(cold trap) for easy weighting and composition analysis. The

moisture content of aniline recovered in the first condenser was

measured with a Karl Fisher moisture analyzer (Shanghai Preci-

sion Instruments Co., China). The rate of recovery of high-purity
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aniline per unit membrane area (J), the rate of residual aniline

collected in the second condenser (J0), were calculated by the

following equations

J 5
Qa

ADt
(1)

J05
Qr

ADt
(2)

Qr 5 QCr (3)

The permeation flux of aniline through the membrane is

equal to (J1J0). The percentage quantity of high-purity aniline

recovered, which is defined as aniline recovery ratio (g), is

given by

g 5
Qa

Qa1Qr

3 100% (4)

where Qa is the weight of high-purity aniline collected in the

first trap, and Qr and Q are the weights of residual aniline and

the aniline-water mixture collected in the second trap, respec-

tively, over a period of time (Dt). A is the effective membrane

area, and Cr is the weight fraction of aniline in permeate sam-

ples collected in the second trap. The pervaporation data

reported here represent an average of at least three measure-

ments obtained from replicate membrane samples.

Sorption and desorption experiments

Each piece of dry PEBA-2533 membrane (about 2 g) with a

thickness of about 100 lm were immersed in different compo-

sitions of aniline-water mixtures at 808C for at least 24 h to

reach sorption equilibrium. The membrane sample was then

taken out and quickly wiped with absorbent wiper to remove

liquid from the membrane surface before measuring the

weight of the swollen membrane. Degree of swelling (DS) of

membrane sample was determined by the following equation

DS 5
Ws2Wd

Wd

3 100% (5)

where Ws and Wd represent the weight of the swollen and dry

membranes, respectively.
The desorption experiment was conducted in one of the par-

allel two-stage condensers equipped in PVFC apparatus but

with Valve 6 closed. The swollen membrane of known weight

was put in the first cold trap which was immersed in a hot-

water bath of 808C, and the second cold trap used to collect

condensed liquid was immersed in liquid nitrogen. The two

cold traps placed in series were connected to vacuum pump.

The pressure of the vacuum was maintained at 330 Pa, which

was in accordance with the permeate pressure kept in the

PVFC experiment. The swollen membrane was removed at

different time intervals from the first trap and weighed until no

significant weight change was detected. Then, the water con-

tent of the condensed liquid collected in the second trap was

analyzed by the Karl Fisher moisture analyzer. All the data

presented represent an average of three repeated experiments.

The sorption selectivity of the membrane was defined as

follows

a 5
Ya=Yw

Xa=Xw

(6)

where X and Y represent the weight fractions in the feed and

swollen membranes, and subscripts a and w denote the aniline

and water components, respectively.

Aspen simulation

The permeate vapor from the downstream side of the mem-

brane successively passed through the first and the second con-

densers set at different temperatures and was subjected to

condensation. After experimental measurement, the condensa-

tion process was simulated by Aspen Plus v7.1 software. The

flowsheet of condensation process was established in Aspen

Plus and shown in Figure 2. The flash tank was functioned as

the first condenser (fractional condenser), while the heat

exchanger was functioned as the second condenser (complete

condenser). At each given permeate pressure, the temperature

of the flash tank was adjusted to be a proper temperature range

for the preferential condensation of aniline, and then the tem-

perature of the heat exchanger was adjusted to be the highest

value at which the residual permeate vapor that escaped from

the flash tank was still trapped completely. Then, the purity

and production rate of condensed permeate and residual

permeate were obtained. Nonrandom two-liquid (NRTL)

equation was used to carry out the above calculations and

aniline-water phase diagram simulation.

Figure 1. Set-up for PVFC experiments.

(1) Feed tank; (2) thermometer; (3) recirculation pump; (4) valve; (5) membrane cell; (6) three-way valve; (7) red copper pipe coil

immersed in brine solutions; (8) cold trap immersed in liquid nitrogen; (9) vacuum gauge; (10) vacuum regulator; (11) vacuum

pump.
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Results and Discussion

Membrane swelling and preferential sorption

According to the solution-diffusion model, pervaporation is
a membrane process that can be described by the combination
of sorption and diffusion. In the area of organophilic pervapo-
ration, the molecule sizes of organic compounds are usually
larger than that of water molecule, which hinders the preferen-
tial transport of the organic molecules through the mem-
brane.33,40 Therefore, sorption may significantly contribute to
the permeability than diffusion. The sorption behaviors of
PEBA-2533 membrane in aqueous aniline solutions were thus
investigated in terms of the degree of swelling and sorption
selectivity. The degrees of swelling of the membranes in ani-
line/water solutions at different compositions are presented in
Figure 3a. It can be seen that the degree of swelling of mem-
brane in pure water was equal to 0, which was due to the negli-
gible sorption of water in PEBA-2533 membrane.41 The
degree of swelling increased significantly from 0 to 56.7 wt %
as the feed aniline content increased from 0 to 3 wt %. This
result indicated that the membrane had good affinity toward
aniline, which may be explained by the solubility parameters
of aniline and PEBA-2533 membrane. According to solubility
parameter theory, the smaller the difference in their solubility
parameters, the greater their mutual solubility is.8 As can be
seen from Table 1, the solubility parameter of PEBA-2533
membrane was 19.51 (J/cm3)1/2, which was close to that of
aniline (21.1).42,43 In addition, aniline is only partially misci-
ble with water. This means that the interaction between aniline
and water molecules is relatively weak, which may also favor
the sorption of aniline onto the membrane. In order to further
investigate the preferential sorption property, the composition
of the sorbates in the membrane was measured. The sorption
isotherms of aniline and water in the membranes at different
aniline concentrations are illustrated in Figure 3b. It can be
seen that the sorbed aniline contents were extremely high

(96.1–97.2 wt %), and it did not change significantly under a

relatively high aniline concentration studied. Therefore, the

sorption separation factor, a parameter to describe sorption

step, was found to be 6663–796. These results further con-

firmed the excellent affinity of PEBA-2533 membrane to ani-

line, which was expected to result in excellent pervaporation

performance.

The operational feasibility of PVFC for aniline/water
system

Since aniline is a high-boiling organic compound, its satu-

rated vapor pressure is much lower than that of water at the

same temperature. The specific vapor pressures of aniline and

water are shown in Figure 4, which were obtained with the aid

of the Aspen Plus V7.1 software. As shown in Figure 4, it is

evident that vapor pressure of aniline is much lower than that

of water at the same temperature. For example, at 2208C,

vapor pressure of water is approximately equal to 100 Pa,

while vapor pressure of aniline is only 2 Pa. This indicates

that equilibrium composition of aniline in binary aniline-water

vapor mixture should be at a much lower level. Due to the

excellent membrane permselectivity for aniline, the aniline

concentration in the permeate could reach up to 70 wt % (see

Figure S1b in the Supporting Information), thereby yielding a

much higher partial pressure of aniline than its equilibrium

partial pressure in the permeate vapor. Therefore, when the

Figure 2. Aspen Plus flowsheet of fractional condensa-
tion process.

Table 1. The Physical Properties of Aniline and Water

Property Aniline Water

Molecular formula C6H5NH2 H2O
Relative density (water 5 1) 1.02 1
Molecular weight (g/mol) 93.1 18
Boiling point (8C) 184 100
Solubility in water (g, 100 ml at 208C) 3.4 —
Heat of evaporation (kJ/kg)a 475.2 2264.7

aCalculated using Aspen plus V7.1.

Figure 3. Degree of swelling of membranes in aniline/
water mixtures at 808C (a) and sorption sepa-
ration factors and sorbed aniline contents in
aniline/water mixtures at 808C (b).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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vaporous aniline-water mixture passes the first condenser, a
significant portion of aniline vapor could be preferentially con-
densed by appropriately regulating its temperature. The partial
vapor pressures of aniline and water at the feed side are gov-
erned by vapor-liquid equilibrium, whereas the content of ani-
line in the vaporous aniline-water mixture at the permeate side
is significantly enriched by the pervaporation membrane.
However, after passing through the first condenser, the compo-
sition of the vaporous aniline-water mixture will return back
to its equilibrium composition because the thermodynamic
equilibrium is established again. As far as the purity of aniline
recovered in the first condenser is concerned, the selection of
temperature of the first condenser is of great importance. This
mainly depends on the vapor partial pressure of water in per-
meate vapor. For example, the permeate pressure in the pres-
ent study was maintained at about 330 Pa and the mole
fraction of aniline can be estimated using the overall permeate
aniline concentration.14 Therefore, the proper temperature for
aniline condensation in the first condenser can be estimated at
a given downstream pressure.

Effect of the first condenser temperature on the
performance of PVFC at various permeate pressure

Temperature of the first condenser and permeate pressure

may have significantly effects on the performance of PVFC

system. When the two parameters were investigated, feed con-

centration and feed temperature were set at the fixed values.

At given feed concentration and temperature, the overall per-

meation rate and permeate composition kept constant. Varia-

tion of the first condenser temperature could affect the

concentration of residual aniline collected in the second con-

denser, that is, it could affect the distribution of the aniline

permeated through the membrane in each condenser. Variation

of the permeate pressure could simultaneously affect the sepa-

ration performance of pervaporation membrane and thermody-

namics of the phase equilibria. By varying the first condenser

temperature and permeate pressure, the purity and production

rate of aniline recovered in the two condensers can be experi-

mentally measured. In addition, the condensation process was

also simulated by Aspen Plus v7.1 software. Various parame-

ters of the flash tank inlet (e.g., total flux, permeate composi-

tion, temperature and pressure) were shown in Table 2 and

Figure S3 of Supporting Information. The experimental and

simulation results of the purity and residual concentration of

aniline recovered in each condenser were shown in Figure 5.

As can be seen from Figure 5a, the purity of aniline recovered

in the first condenser was found to increase sharply and then

increase slowly with the increase of the first condenser temper-

ature at various pressures, thus resulting in an inflection point

on each curve, and the experimental and simulation results

were generally in good agreement. As the permeate pressure

increased, the condensation temperature at each inflection

point became higher, which was due to the increase of the par-

tial pressure of water in the first condenser. At each given per-

meate pressure, there is a temperature at which aniline and

water vapors were completely trapped in the first condenser.

As shown in Figure 5a, the temperatures were 2138C at per-

meate pressure of 330 Pa, 278C at 480 Pa, 58C at 970 Pa, and

148C at 1800 Pa, respectively. At these four pairs of pressure

and temperature, the purity of aniline varied significantly from

69 to 23 wt %, which was due to the significant effect of per-

meate pressure on the separation performance of pervapora-

tion membrane. This result was also shown in Figure S3 of

Supporting Information. As can be seen from Figure 5b, at a

given permeate pressure of 330 Pa, the residual aniline con-

centration increased significantly with the increase in the tem-

perature of the first condenser, and the experimental and

simulation values were found to be in good agreement. At

2128C, the measurement result of residual aniline concentra-

tion in the second condenser was 4.9 wt %, and the purity of

Table 2. Input Parameters for Calculating Energy Requirements by Aspen Plus

Temperature
(8C)a

Pressure
(Pa)a

Volume Flow
(m3/hr)b Temperature of Flash Tank (8C)

Temperature of
Heat Exchanger (8C)

30 330 187.5 210 213
30 480 156.8 21 27
30 970 101.5 8 5
30 1800 61.9 17 14

Mass flows of aniline and water were shown in Figure S3 (Supporting Information). The pressures in flash tank and heat exchanger are equal to inlet pressure.
aInput parameters of flash tank inlet.
bVolume flow-normalized per unit of the permeate.

Figure 4. Saturated vapor pressures of water and ani-
line as a function of temperature.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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aniline recovered in the first condenser was 85 wt %. This
indicates that a small portion of water vapor was also trapped
in the first condenser. When the temperature of the first con-
denser was increased to 2108C, the concentration of residual
aniline in the second condenser increased to 6.2 wt %, while
the purity of aniline in the first condenser increased drastically
to 99.7 wt %. This reveals that almost no water vapor was con-
densed in the first condenser. This result can be understand-
able because the partial pressure of water (227 Pa) is lower
than its equilibrium pressure (259.9 Pa) at 2108C. It is found
that the purity of aniline recovered could reach as high as
99.99 wt % when the temperature of the first condenser
exceeded 298C. However, when the temperature of the first
condenser was increased to 278C, no aniline vapor in the per-
meate was trapped in the first condenser, and all the permeates
were condensed in the second condenser to yield the highest
aniline concentration of 69 wt %. Therefore, the temperature
in the first condenser should be set in a range of 210 to 278C
in order to condense the aniline vapor in the permeate. How-
ever, the proper temperature range for aniline condensation
became narrow as the permeate pressure increased, which was
mainly caused by two aspects. One is that the phase-change
temperature of water in the first condenser became higher due
to the increase of partial pressure of water; the other is that the
increase of permeate pressure caused the significant decrease
of overall permeate concentration (see Figure S3 of Support-
ing Information), which hindered the increase of partial pres-
sure of aniline. The above-mentioned thermodynamic property
of aniline-water vapor mixtures is similar with that of phenol/
water mixtures under low pressure.14

Figure 6 shows the effect of temperature in the first
condenser on the production rate of high-purity aniline and the
rate of residual aniline at various permeate pressures. It can
also be seen that the experimental and simulation results were
in good agreement. At a given permeate pressure of 330 Pa, it
is evident that with the increase in the temperature in the first
condenser, the production rate of high-purity aniline
decreased, while the rate of residual aniline increased accord-
ingly due to the constant permeate rate of aniline through the
membrane. At a feed concentration of 3.6 wt % and tempera-
ture of 708C, aniline with a high purity of 99.7% can be con-
tinuously recovered at a production rate of 965 g/(m2 h) in the
first condenser when its temperature was kept at 2108C. How-
ever, the production rate of high-purity aniline decreased sig-
nificantly as the permeate pressure increased. As far as the
production rate is concerned, the permeate pressure should be
set at a relatively low value. Figure 7 shows the energy
required for evaporation and condensation of per unit of high-
purity aniline recovered and the high-purity aniline production
rate as a function of permeate pressure. The heat required for
condensing the permeate (named as heat duty in Aspen Plus)
is the sum of heat duty of flash tank and heat exchanger, and it
is approximately the same as the heat required for the evapora-
tion step.12 As shown in Figure 7, the production rate of high-
purity aniline decreased notably with the increase in the per-
meate pressure, while the energy required for evaporation and
condensation of per unit of high-purity aniline recovered
increased linearly. This is mainly because the increase of per-
meate pressure significantly reduced the driving force for ani-
line permeation, then resulting in the significant decrease of
aniline content in the permeate (see Figure S3 in Supporting
Information). Taking into account the energy required for

Figure 5. Effect of temperature of the first condenser
on the purity of aniline recovered and resid-
ual aniline concentration at various permeate
pressure (solid line: Aspen simulation, dot:
experimental values; feed concentration, 3.6
wt %; feed temperature, 708C).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Effect of temperature of the first condenser
on the production rate of high-purity aniline
and the rate of residual aniline at various
permeate pressure (solid line: Aspen simula-
tion, dot: experimental values; feed concen-
tration, 3.6 wt %; feed temperature, 708C).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

4450 DOI 10.1002/aic Published on behalf of the AIChE December 2015 Vol. 61, No. 12 AIChE Journal

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


evaporation and condensation steps and the production rate of
high-purity aniline recovered, the permeate pressure should be
set at a relatively low value. However, when the permeate
pressure was low enough, energy requirement for vacuum
pump will become more significant. The permeate pressure to
be maintained and the volume flow rate may be the two major
factors for choosing a suitable vacuum pump. The volume
flow rate of the vaporous permeate at various permeate pres-
sures, normalized per unit of the permeate, was calculated by
Aspen Plus and shown in Table 2. It is evident that the volume
flow increased notably with the decrease in the permeate pres-
sure. This variation trend was opposite to that of energy
required for the evaporation and condensation steps. However,
the final permeate pressure still need to be optimized by engi-
neering costs (e.g., investment costs and operating costs). The
above analysis only identified the general trends of permeate
pressure effect on energy requirements.

Figure 8 shows pictures of analytical grade aniline and aniline
permeate samples obtained by one-stage and two-stage con-
densers. Analytical grade aniline is colorless, but it is readily
oxidized and turns brown when it is exposed to air or sunlight.
As shown in Figure 8a,b, analytical grade aniline was found to
turn brown when it was exposed to air for one week, while the
high-purity aniline recovered in the first condenser operated at
2108C remained colorless. Figure 8c shows the remaining
aniline-water mixture collected in the second condenser, which
consisted of two phases where the top aqueous phase were col-
orless and the bottom organic phase were brown, respectively.
Figure 8b,c indicate that the colored oxides could penetrate the
membrane but be not trapped in the first condenser. The aniline
permeate sample shown in Figure 8d was collected by the one-
stage condenser, where the bottom organic phase further indi-
cated that the oxides penetrated the membrane. When the ani-
line recovered in the first condenser was exposed to air, it
turned brown again, as shown in Figure 8e.

Effects of aniline concentration in the permeate on the
phase-change temperature of aniline and water vapors

Figures 5 and 6 also present the effects of downstream tem-
perature (the first condenser) and pressure on the distribution

of aniline in each condenser when the feed concentration and
temperature were maintained constant. For example, at a given
permeate pressure of 330 Pa, the results shown in Figure 5
indicated that the suitable temperature range for aniline con-
densation was from 210 to 278C. However, the permeate
composition was mainly affected by the aniline concentration
in the feed, which further affected partial pressure of aniline
and water in permeate vapor. Therefore, the phase-change
temperature of aniline and water vapors at different permeate
compositions also need to be investigated. At a given permeate
pressure of 330 Pa, the phase-change temperatures of aniline
and water were measured at various permeate compositions,
respectively. The method for experimentally measuring phase-
change temperatures was the same as that used in Figure 5.
For aniline vapor, each aniline concentration in the permeate
(permeate composition) was determined at first by varying
feed concentration from low to high and then the temperature
of first condenser was varied from low to high in order to
determine the exact temperature at which the concentration of
residual aniline in the second condenser was equal to that of
the given permeated aniline. For the water vapor, the phase-
change temperatures at various permeate compositions were
determined by measuring the water content in the aniline
recovered in the first condenser. If the water content in the ani-
line sharply increases at a certain temperature under a given
permeate composition, the phase-change temperature of water
vapor can be determined. As a matter of fact, these data can be
obtained from aniline-water binary phase diagram under a
given pressure. However, the phase diagram at a specific pres-
sure was not available from the literature. Aspen Plus V7.1
software was used to calculate the dew point and bubble point
temperatures at different permeate compositions, and these
data along with the experimental data are shown in Figure 9.
As shown in Figure 9, the experimental and simulation values
of phase-change temperatures of aniline and water vapors as a
function of the permeate composition were found to be in
good agreement, and the suitable temperature ranges for ani-
line condensation became much broader as the aniline concen-
tration in the permeate increased. This indicates that a higher
permeate aniline concentration favors the precipitation of

Figure 7. Energy required for evaporation and conden-
sation of per unit of high-purity aniline recov-
ered and the high-purity aniline production
rate as a function of permeate pressure (feed
concentration, 3.6 wt %; feed temperature,
708C).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Photograph of analytical grade aniline (a),
pure aniline recovered in the first condenser
(b), remaining aniline-water mixture collected
in the second condenser (c), aniline-water
mixture recovered in a single condenser (d)
and pure aniline recovered exposed to air.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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aniline in the first condenser. At the permeated aniline concen-
tration of 6.9 wt %, the phase-change temperature of aniline
vapor was equal to that of water vapor. This is the minimum
overall aniline concentration in the permeate side for preferen-
tial aniline condensation in the first condenser. As the aniline
concentration in the permeate increased, the phase-change
temperature of aniline vapor increased significantly while the
phase-change temperature of water decreased slightly. This is
mainly caused by the variation of partial pressure of aniline
under a permeate pressure of 330 Pa.

Effect of feed concentration and temperature
on the performance of PVFC

In order to investigate the influence of feed concentration
and temperature on the production rate of high-purity aniline
recovered in the first condenser and the rate of residual aniline
collected in the second condenser, the temperature in the first
condenser was maintained at 288C at which water vapor

Figure 9. Effect of aniline concentration in the perme-
ate on the phase-change temperature of ani-
line and water vapors, respectively (permeate
pressure used in Aspen simulation: 330 Pa).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. Effects of feed concentration on the produc-
tion rate of high-purity aniline and the rate
of residual aniline collected at various tem-
peratures (temperature of the first con-
denser: 288C; permeate pressure: 330 Pa).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 11. Effect of feed concentration on percentage
high-purity aniline produced relative to total
quantity of aniline permeated at various
temperatures (temperature of the first con-
denser: 288C; permeate pressure: 330 Pa).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 12. Influence of membrane thickness on the
production rate of high-purity aniline and
the rate of residual aniline collected at vari-
ous temperatures (feed concentration, 1 wt
%; temperature of the first condenser,
288C; permeate pressure: 330 Pa).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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would not be condensed in the first condenser in the concen-

tration range studied. Figure 10 shows the effects of feed con-

centration on the production rate of high-purity aniline and the

rate of residual aniline collected in the second condenser at

different temperatures. At a given feed temperature, the rate of

high-purity aniline collected was found to increase signifi-

cantly with the increase in the feed aniline concentration,

while the rate of residual aniline collected as an aniline-water

mixture was almost constant when the feed aniline concentra-

tion was above 800 ppm. When the feed aniline concentration

was at a low level (e.g., below 800 ppm), aniline vapor could

not be trapped in the first condenser due to the much lower

aniline concentration in the permeate (<6.5 wt %). It is also

observed that at a given feed concentration, a higher feed tem-

perature resulted in more aniline collected in both condensers.

The variation trend of production rate of high-purity aniline

and the rate of residual aniline as a function of feed concentra-

tion was the same as that of phenol in our previous work.14 It

is possible that the thermodynamic properties of aniline and

phenol under low pressure are similar. At a feed temperature

of 808C and a feed concentration of 3.6 wt %, the production rate

of high-purity aniline recovered was as high as 1090.2 g/(m2 h),

while the rate of residual aniline collected was only 39.5 g/(m2

h). These impressive results could be mainly attributed to the per-

fect integration of high-performance pervaportion membrane

with the operation of fractional condensation, where the pervapo-

ration membrane acted as barrier for aniline enrichment while

the operation of fractional condensation was used to condense

the excessive aniline in the permeate.
Figure 11 shows the effect of aniline concentration in the

feed on the percentage high-purity aniline produced relative to

the total quantity of aniline permeated at various temperatures.

It can be seen that the recovery of high-purity aniline

increased significantly with the increase in feed aniline con-

centration, but the increase rate became slow when the aniline

concentration in the feed was sufficiently high. When the feed

aniline concentration was about 1000 ppm, the recovery

already reached 64.8%. A further increase in the feed aniline

concentration to 10,000 ppm yielded a recovery of high-purity

aniline of 92.3%. It is found that 97.3% high-purity aniline
recovery can be obtained at 608C with a feed containing 3.6
wt % aniline. These results are easy to be understood because
the production rate of high-purity aniline increased signifi-
cantly with increasing feed concentration, while the rate of
residual aniline collected in the second condenser did not
change significantly (shown in Figure 10).

Effect of membrane thickness on the performance
of PVFC

Due to the high sorption selectivity of PEBA-2533 toward
aniline, the pervaporation separation factor was in the range of
200–54 using a membrane with a thickness of 100 lm under
the concentration range studied (see Figure S1e in the Support-
ing Information). It is expected to obtain a high permeation
flux with an acceptable separation factor. Therefore, the influ-
ence of membrane thickness on the production rate of high-
purity aniline and the rate of residual aniline collected at vari-
ous temperatures were investigated. As shown in Figure 12,
the production rate of high-purity aniline and the rate of resid-
ual aniline decreased with the increase in membrane thickness.
It is evident that the rate of aniline collected in both condens-
ers increased with the increase in feed temperature, and the
observed tendency became pronounced when the membrane
thickness was 30 lm. The production rate of high-purity ani-
line varied in the range of 256.8–1222.5 g/(m2 h) under the
membrane thickness range studied while the rate of residual
aniline was found to be 19.2–190.7 g/(m2 h). Especially, at a
membrane thickness of 30 lm, the production rate of high-
purity aniline was as high as 1222.5 g/(m2 h) with an accepta-
ble membrane separation factor of 51 in the recovery of ani-
line from 1 wt % aniline aqueous solution at 808C (see Figure
S2e in Supporting Information).

Figure 13 shows high-purity aniline recovery as a function
of membrane thickness at various temperatures. As can be
seen from Figure13, high-purity aniline recovery increased
with the increase in membrane thickness, but the increase
extent became slow when the membrane thickness was above
50 lm. Also, it can be seen that the feed temperature had
some influence on the high-purity aniline recovery. In a word,
aniline concentration in the permeate side had direct impact
on the aniline recovery, and the higher permeate aniline con-
centration resulted in the higher the aniline recovery. There-
fore, the results shown in Figure 13 are easy to be understood
because the permeate aniline concentration increased with the
increasing of membrane thickness but decreased with the
increase of feed temperature (see Figures 1Sb and 2Sb in the
Supporting Information). The detailed analysis of the influence
of membrane thickness on the pervaporation separation factor
has ever been reported by Fouad44 for the pervaporation of
aqueous butanol. From the data shown in Figures 12 and 13, it
is clear that in order to obtain a high production rate of high-
purity aniline, the recovery had to be compromised. However,
in this study, compared to the residual aniline collected in
the second condenser, the production rate of high-purity
aniline as high as 1222.5 g/(m2 h) with a recovery of
86.5% should be a satisfactory result for the membrane with a
thickness of 30 lm.

Conclusions

Recovery of high-purity aniline with a high production rate
was achieved by using a PVFC coupling system. It is identi-
fied that this system perfectly integrated the excellent

Figure 13. Influence of membrane thickness on high-
purity aniline recovery at various tempera-
tures (feed concentration, 1 wt %; tempera-
ture of the first condenser, 288C; permeate
pressure: 330 Pa).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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pervaporation performance with the fractional condensation

operation. PEBA-2533 membrane displayed excellent sorption

selectivity toward aniline and preferential permeance of ani-

line. The membrane selectivity to aniline was varied from 360

to 33 in the feed aniline concentration range of 5000–36,000

ppm. The temperature of the first condenser and downstream

pressure had great effect on the performance of PVFC. The

experimental and Aspen simulation results on the purity and

production rate of aniline were in good agreement. A rela-

tively low downstream pressure and the first condenser tem-

perature were desired, which were in favor of obtaining a high

production rate along with high recovery efficiency. However,

the optimum permeate pressure still need to be optimized

based on engineering cost evaluation. The phase-change tem-

perature of aniline vapor increased with the increase in aniline

concentration in the permeate, while the initial phase-change

temperature of water vapor had no change and only decreased

a little thereafter, and these experimental results are also in

agreement with the simulation results very well. The feed con-

centration had significant effect on the production rate of high-

purity aniline recovered. Production rate of high-purity aniline

as high as 1222.5 g/(m2 h) with a satisfactory pervaporation

separation factor of 51 was achieved in the recovery of aniline

from 1 wt % aniline aqueous solution at 808C using the

PEBA-2533 membrane with a thickness of 30 lm.

Acknowledgments

This work was financially supported by the Shanxi Schol-

arship Council of China (No. 2013051) and the National

Natural Science Foundation of China (Nos. 21276173,

21476156, 21506140).

Literature Cited

1. Baudot A, Marin M. Dairy aroma compounds recovery by pervapo-
ration. J Membr Sci. 1996;120(2):207–220.

2. Bennett M, Brisdon BJ, England R, Field RW. Performance of
PDMS and organofunctionalised PDMS membranes for the perva-
porative recovery of organics from aqueous streams. J Membr Sci.
1997;137(1):63–88.

3. Shao P, Huang RYM. Polymeric membrane pervaporation. J Membr
Sci. 2007;287(2):162–179.

4. Lipnizki F, Hausmanns S, Ten PK, Field RW, Laufenberg G. Orga-
nophilic pervaporation: prospects and performance. Chem Eng J.
1999;73(2):113–129.

5. Jiang LY, Wang Y, Chung TS, Qiao XY, Lai JY. Polyimides mem-
branes for pervaporation and biofuels separation. Prog Polym Sci.
2009;34(11):1135–1160.

6. Liu GP, Wei W, Jin WQ. Pervaporation membranes for biobutanol
production. ACS Sustain Chem Eng. 2013;2(4):546–560.

7. Van der Bruggen B, Luis P. Pervaporation as a tool in chemical
engineering: a new era? Curr Opin Chem Eng. 2014;4:47–53.

8. Feng XS, Huang RYM. Liquid separation by membrane pervapora-
tion: a review. Ind Eng Chem Res. 1997;36(4):1048–1066.

9. Vane LM, Alvarez FR, Mairal AP, Baker RW. Separation of vapor-
phase alcohol/water mixtures via fractional condensation using a
pilot-scale dephlegmator: enhancement of the pervaporation process
separation factor. Ind Eng Chem Res. 2004;43(1):173–183.

10. Marin M, Hammami C, Beaumelle D. Separation of volatile organic
compounds from aqueous mixtures by pervaporation with multi-
stage condensation. J Food Eng. 1996;28(3):225–238.

11. Baudot A, Marin M. Improved recovery of an ester flavor compound
by pervaporation coupled with a flash condensation. Ind Eng Chem
Res. 1999;38(11):4458–4469.

12. Vane LM. A review of pervaporation for product recovery from bio-
mass fermentation processes. J Chem Technol Biot. 2005;80(6):603–
629(627).

13. B€oddeker KW, Gatfield IL, J€ahnig J, Schorm C. Pervaporation at the
vapor pressure limit: vanillin. J Membr Sci. 1997;137(1):155–158.

14. Li CC, Zhang XR, Hao XG, Feng XS, Pang XY, Zhang H. Thermo-
dynamic and mechanistic studies on recovering phenol crystals from
dilute aqueous solutions using pervaporation-crystallization coupling
(PVCC) system. Chem Eng Sci. 2015;127:106–114.

15. Pereira CC, Rufino JRM, Habert AC, Nobrega R, Cabral LMC,
Borges CP. Aroma compounds recovery of tropical fruit juice by
pervaporation: membrane material selection and process evaluation.
J Food Eng. 2005;66(1):77–87.

16. Mart�ınez R, Sanz MT, Beltr�an S. Concentration by pervaporation of
brown crab volatile compounds from dilute model solutions: evalua-
tion of PDMS membrane. J Membr Sci. 2013;428:371–379.

17. Sampranpiboon P, Jiraratananon R, Uttapap D, Feng XS, Huang RYM.
Separation of aroma compounds from aqueous solutions by pervapora-
tion using polyoctylmethyl siloxane (POMS) and polydimethyl siloxane
(PDMS) membranes. J Membr Sci. 2000;174(1):55–65.

18. Brazinha C, Crespo JG. Aroma recovery from hydro alcoholic solu-
tions by organophilic pervaporation: Modelling of fractionation by
condensation. J Membr Sci. 2009;341(1):109–121.

19. Brazinha C, Barbosa DS, Crespo JG. Sustainable recovery of pure
natural vanillin from fermentation media in a single pervaporation
step. Green Chem. 2011;13(8):2197–2203.

20. Camera-Roda G, Augugliaro V, Cardillo A, Loddo V, Palmisano G,
Palmisano L. A pervaporation photocatalytic reactor for the green
synthesis of vanillin. Chem Eng J 2013;224:136–143.

21. Chang HL. Recovery of aniline from wastewater by nitrobenzene
extraction enhanced with salting-out effect. Biomed Environ Sci.
2010;23(3):208–212.

22. Shao DD, Hu J, Chen CL, Sheng GD, Ren XM, Wang XK. Polyani-
line multiwalled carbon nanotube magnetic composite prepared by
plasma-induced graft technique and its application for removal of
aniline and phenol. J Phys Chem C. 2010;114(49):21524–21530.

23. Zhou YB, Gu XC, Zhang RZ, Lu J. Removal of aniline from aque-
ous solution using pine sawdust modified with citric acid and b-
cyclodextrin. Ind Eng Chem Res. 2014;53(2):887–894.

24. Datta S, Bhattacharya PK, Verma N. Removal of aniline from aque-
ous solution in a mixed flow reactor using emulsion liquid mem-
brane. J Membr Sci. 2003;226(1):185–201.

25. Ferreira FC, Han SJ, Livingston AG. Recovery of aniline from aque-
ous solution using the membrane aromatic recovery system (MARS).
Ind Eng Chem Res. 2002;41(11):2766–2774.

26. Tanhaei B, Chenar MP, Saghatoleslami N, Hesampour M, Laakso T,
Kallioinen M, Sillanp€a€a M, M€antt€ari M. Simultaneous removal of
aniline and nickel from water by micellar-enhanced ultrafiltration
with different molecular weight cut-off membranes. Sep Purif Tech-
nol. 2014;124:26–35.

27. Meckl K, Lichtenthaler RN. Hybrid process using pervaporation for
the removal of organics from process and waste water. J Membr Sci.
1996;113(1):81–86.

28. Pereira CC, Habert AC, Nobrega R, Borges CP. New insights in the
removal of diluted volatile organic compounds from dilute aqueous
solution by pervaporation process. J Membr Sci. 1998;138(2):227–
235.

29. Pithan F, Staudt-Bickel C, Lichtenthaler RN. Synthesis of highly flu-
orinated copolyimide membranes for the removal of high boiling
organics from process water and wastewater by pervaporation.
Desalination. 2002;148(1):1–4.

30. Liu L, Chakma A, Feng XS. Propylene separation from nitrogen by
poly(ether block amide) composite membranes. J Membr Sci. 2006;
279(1-2):645–654.

31. Sampranpiboon P, Jiraratananon R, Uttapap D, Feng XS, Huang
RYM. Pervaporation separation of ethyl butyrate and isopropanol
with polyether block amide (PEBA) membranes. J Membr Sci. 2000;
173(1):53–59.

32. B€oddeker KW, Bengtson G, Bode E. Pervaporation of low volatility
aromatics from water. J Membr Sci. 1990;53(1):143–158.

33. Liu FF, Liu L, Feng XS. Separation of acetone–butanol–ethanol
(ABE) from dilute aqueous solutions by pervaporation. Sep Purif
Technol. 2005;42:273–282.

34. Le NL, Wang Y, Chung TS. Pebax/POSS mixed matrix membranes
for ethanol recovery from aqueous solutions via pervaporation.
J Membr Sci. 2011;379(1):174–183.

35. Liu SN, Liu GP, Zhao XH, Jin WQ. Hydrophobic-ZIF-71 filled
PEBA mixed matrix membranes for recovery of biobutanol via per-
vaporation. J Membr Sci. 2013;446(11):181–188.

36. Tan HF, Wu YH, Zhou Y, Liu ZN, Li TM. Pervaporative recovery
of n -butanol from aqueous solutions with MCM-41 filled PEBA
mixed matrix membrane. J Membr Sci. 2014;453:302–311.

4454 DOI 10.1002/aic Published on behalf of the AIChE December 2015 Vol. 61, No. 12 AIChE Journal



37. Wu T, Wang NX, Li J, Wang L, Zhang W, Zhang GJ, Ji SL. Tubu-
lar thermal crosslinked-PEBA/ceramic membrane for aromatic/ali-
phatic pervaporation. J Membr Sci. 2015;486:1–9.

38. Hao XG, Pritzker M, Feng XS. Use of pervaporation for the separa-
tion of phenol from dilute aqueous solutions. J Membr Sci. 2009;
335(1):96–102.

39. Kaddour Djebbar M, Nguyen QT, Clement R, Germain Y. Pervaporation
of aqueous ester solutions through hydrophobic poly (ether-block-amide)
copolymer membranes. J Membr Sci. 1998;146(1):125–133.

40. Wang HY, Ugomori T, Wang Y, Tanaka K, Kita H, Okamoto KI,
Suma Y. Sorption and pervaporation properties of crosslinked mem-
branes of poly (ethylene oxide imide) segmented copolymer to aro-
matic/nonaromatic hydrocarbon mixtures. J Polym Sci B: Polym
Phys. 2000;38(13):1800–1811.

41. Mandal MK, Bhattacharya PK. Poly (ether-block-amide) membrane
for pervaporative separation of pyridine present in low concentration
in aqueous solution. J Membr Sci. 2006;286(1):115–124.

42. Liu K, Fang CJ, Li ZQ, Young M. Separation of thiophene/n-hep-
tane mixtures using PEBAX/PVDF-composited membranes via per-
vaporation. J Membr Sci. 2014;451(2):24–31.

43. Yagi Y, Inomata H, Saito S. Solubility parameter of an
N-isopropylacrylamide gel. Macromolecules. 2002;25(11):2997–2998.

44. Fouad EA, Feng XS. Use of pervaporation to separate butanol
from dilute aqueous solutions: effects of operating conditions
and concentration polarization. J Membr Sci. 2008;323(2):
428–435.

Manuscript received Mar. 23, 2015, and revision received July 5, 2015.

AIChE Journal December 2015 Vol. 61, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 4455


	l

