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Pervaporation requires operation at mild temperatures and provides low energy consumption, which makes this technology 
economically attractive. However, pervaporation is not yet a widespread process in the industry. One of the justifications is the 
complexity in the quantification of variables related to the membrane in the most diverse conditions. This factor results in the 
absence of generic models in the simulation software. This work aims at the rigorous phenomenological modeling of a pervaporation 
process using a polyetherimide membrane intended for the dehydration of ethanol. The model was developed on the Aspen Custom 
Modeler™ platform. Two approaches were implemented and compared: PERKAT and PERVAP models, being the last one the best 
model. The main variables of the process were evaluated. It was possible to verify the capacity of separation of the pervaporation 
module in breaking the barriers of the azeotrope, reaching a product with a high level of purity in ethanol, and recovery of up to 
99.8%. In addition, the generic PERVAP model was exported to Aspen Plus™ and a cascade pervaporation unit was simulated. The 
specific energy consumption was calculated and compared to that of traditional separation processes. A 70% reduction was obtained 
compared to the most economical distillation configuration.
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INTRODUCTION

The ethanol/water mixture forms a minimum boiling azeotrope 
with 95.6 by mass% of ethanol. Currently, the most used processes 
to separate this mixture are extractive and azeotropic distillations. 
However, both require high-energy consumption and azeotropic 
distillation uses solvents with a high level of toxicity. In this 
sense, pervaporation appears as a technology to overcome these 
disadvantages.

Kober1 was the first one to use the term “pervaporation”. For 
decades, it was considered merely a laboratory technique due to its 
low selectivity, low permeate flow and high cost. A few years later, 
the asymmetric membranes developed by Loeb and Sourirajan2 
obtained a promising product flow, which stimulated developments 
in the area. Only in 1983, GFT Membrane Systems built the first 
pilot-scale unit for ethanol production.3 In 1988, GTF also designed 
the first industrial-scale plant in France.4

Pervaporation (PV) is a separation consisted by the partial 
vaporization of a liquid mixture through a membrane.5 It is mainly 
used to separate mixtures with special thermodynamic characteristics, 
such as mixtures that present azeotrope or pinch point.6 The membrane 
is a physical barrier that separates the feed into permeate and retentate 
streams. The driving force is the gradient in chemical potential, 
corresponding to the concentration difference between the two sides 
of a membrane.3

Figure 1 illustrates a simplified PV module. The feed corresponds 
to a liquid solution at low temperature and atmospheric pressure. 
The permeate is constituted by the fraction of permeate flux that is 
vaporized, which is immediately removed from the module by vacuum 
or entrained gas. The permeate flux is rich in the component with 
the highest degree of affinity with membrane. The retentate flux is 
concentrated in the compounds with less affinity with membrane. The 
temperature of the retentate is lower than the feed temperature. This 
decrease occurs because of the permeate evaporation, which loses 
latent heat. This reducing in temperature limits the size of PV module.

The advantage of the PV process is the fact that membranes 
operate at low temperatures and demand only the replacement of lost 
latent heat during phase change. On the other hand, the limitations 
are the production capacity and installation costs.

Rigorous phenomenological models of the pervaporation process 
are not easily found in commercial simulators. Aspen Plus™, for 
example, uses general models like SEP and SEP2. These models 
combine feed streams and separate the resulting stream, according to 
the specifications supplied by the user. In addition, these models do 
not include the energy balance. It is usual to find studies like the one 
by Servel et al.7 and Babaie et al.,8 in which simple separators are used 
to represent a PV module. These models have limited application, 
as they do not take account the influence of relevant factors, such as 
composition and feed temperature.

The scarcity of rigorous models to represent PV processes has 
motivated worldwide research. Boutikos et al.9 proposed models 
from experimental data for the dehydration of aqueous n-butanol 
solutions. Constantino et al.10 studied multicomponent mixtures for 
the compounds involved in the esterification reaction of acrylic acid 
with n-butanol. The authors evaluated the influence of permeation 
flux, selectivity, separation factor, effect of temperature and feed 
composition. Toth and Mizsey11 investigated the separation of 
methanol/water via organophilic membranes. The authors simulated 
the PV process and compared the results considering the transport 
coefficient constant12 and varying with the feed concentration.13 
They concluded that the latter approach is more suitable to represent 

Figure 1. Simplified pervaporation module
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the PV process. Mafi et al.14 studied the ethanol purification by 
using a hydrophobic membrane. The authors used a constant 
diffusion coefficient and concluded that the feed concentration 
has a strong influence on temperature. Ashraf et al.15 proposed 
a one-dimensional model for the dehydration of 1-butanol. The 
authors considered permeation as a function of concentration and 
included a relationship to evaluate the temperature effect. Pereira 
et al.16 developed and compared the mathematical models for a 
batch pervaporation and a continuous pervaporation membrane 
reactor, being the last one the most attractive configuration for the 
synthesis of ethyl lactate.

Qiu et al.17 evaluated the effects of mass transfer in ethanol 
purification using PDMS membranes and measured the effects of 
convection and diffusion using the solution-diffusion model. More 
recently, Soares et al.18 analyzed the flow pattern in a PV module 
using computational fluid dynamics.

PV has also been applied in processes intensification, which 
is the case of the simulated moving bed membrane reactor;19 it 
combines in the same equipment the pervaporation membranes 
and the moving bed reactors, continuous countercurrent 
chromatographic separation with chemical reaction.20 Silva et al.,21 
Pereira et al.22 and Constantino et al.23 evaluated this configuration 
in the production of 1,1-diethoxyethane, 1,1-dibutoxyethane and 
butyl acrylate, respectively. All the authors found improvements 
in the productivity.

This work aims to implement a pervaporation unit using the 
Aspen Custom Modeler™ (ACM) tool, from AspenTech™. ACM 
is a platform with object-oriented language, and is capable of 
creating, editing, and reusing customized models of processes 
that are unusual or absent in conventional simulator libraries. 
The developed module aims the ethanol/water separation, due to 
its economic relevance, that has resulted in US$ 89.1 billion in 
2019.24 Polymeric membranes of polyetherimide – or PEI – were 
considered. They have been used in PV processes for alcohol 
dehydration since the 90’s. They are hydrophilic (water selective) 
and have an asymmetric structure, composed of a thin dense skin 
layer and a finger-like porous sublayer.25 

The modeling presented in this work considers that the mass 
transfer inside the membrane is based on the solution-diffusion model. 
Two models were considered: the first determines the solute transport 
parameter in the membrane from the regression of experimental data; 
the second measures the diffusion coefficient using the free volume 
theory. The two approaches were compared to the experimental data 
available in literature. The selectivity, feed temperature, pressure on 
the permeate side and fraction of recovered ethanol were evaluated. 
The model with the highest accuracy was exported to the Aspen 
Plus™ software library and a cascade pervaporation unit was 
simulated. The specific energy consumption was calculated and 
compared to traditional distillation systems.

As modeling the pervaporation is still a challenge, the published 
papers has considered few aspects at a time. Dong et al.26 proposed 
a model based on experimental data, Wang et al.27 evaluated the 
energy savings of hybrid processes and Vatankhah et al.28 carried 
out the validation and study of the effect of certain variables. The 
present work contributes to the available literature as a complete 
evaluation in a general scope of the pervaporation process is done: 
modeling of a rigorous model, validation against experimental data, 
investigation of the main variables, inclusion of developed model in 
a commercial simulator and comparison with models found in the 
literature. Also, the cascade configuration of pervaporation process 
using the polyetherimide membrane to separate water from ethanol 
was not found in literature.

NOMENCLATURE

Letters/Symbols Description Units

C Molar concentration mol m-3

D Diffusion coefficient mol h-1 m-2

Dm Diffusion coefficient of the 
membrane

m2 h-1

D0 Pre-exponential factor cm2 s-1

E Critical energy cal mol-1

E Mass flow kg h-1

J Molar flow mol h-1 m-2

 e
 

Free volume parameters for 
the solvent

cm3 g-1 K-1

K12 e K22 
Free volume parameters for 

the polymer
K

l Membrane thickness m

P Pressure kPa

psat Vapor pressure of pure com-
ponent

kPa

Q Amount of system heat kW

R Ideal gas constant m3 Pa mol-1 K-1

RC Ethanol recovery -

SEC Specific energy consumption kW kmol-1

T Temperature K

Tg

Temperatura de transição 
vítrea

K

v Molar volume m3 kmol-1

 Free critical specific volume cm3 g-1

x Molar fraction of liquid

xM Mass fraction

y Molar fraction of vapor

z Membrane length m

Greek letters

α Selectivity

γ Activity coefficient of the 
pure component

–γm Membrane activity coefficient m3 mol-1

∆ Variation

µ Chemical potential

ξ
Ratio between the molar 

volume of the solvent and 
polymer jump unit

φ1 Volume fraction of solvent

χ Binary solvent/polymer inter-
action parameter

ω Solvent/polymer mass fraction

Top and bottom subscribers

0 Pure substance

F Feed stream

P Permeate stream
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R Retentate stream

i Ethanol

j Water

m Membrane surface

CASE STUDY

The system under evaluation is a mixture of ethanol (i) / water 
(j). The hydrophilic polymeric membrane is used – polyetherimide 
(Ultem 1000, from General Electric Co.). The PV module aims 
to remove water from a concentrated stream of alcohol. The 
experimental data used for validation and comparison were:29 feed is 
40 °C and 1 atm and the permeate is under vacuum of 0.133 kPa. The 
input information for the model is: flowrate, composition, temperature 
and pressure of the feed stream, and pressure on the permeate side. 
In addition to the PERVAP model, the thickness of the membrane 
was also specified.

STEADY STATE MODELING

Hypotheses

The following premises were assumed to be true:
	The resistance of the boundary layer on both sides of membrane 

is neglected.
	Thermodynamic equilibrium between fluids and membrane.
	Permeation occurs at steady state.
	Ideal mixing at the permeate side.
	Ideal gas behavior of the permeate.
	The temperature is constant along the permeate stream and varies 

in the direction of the retentate stream.

The above assumptions are based on the work of Servel et al.6 
and Schiffmann and Repke30 and did not significantly affect the 
results of the analysis.

Mass balance

The overall mass balance for a PV module, is:

	 FF = FP + FR	 (1)

If the feed is known and the permeate is determined using the 
solution-diffusion model, the flowrate FF can be calculated. From 
the individual mass balance, mass composition of the retentate is 
calculated:

	 	 (2)

The fraction of ethanol recovered in the PV corresponds to the 
ratio between the molar flow of ethanol in the retentate and in the feed.

	 	 (3)

Energy balance

From the energy balance:

	 	 (4)

To solve the energy balance is considered that:6

	The feed pressure is equal to the retentate pressure (PF = PR);

	The feed temperature is equal to the permeate temperature  
(TF = TR).
Once flows and enthalpies are calculated, temperatures can be 

determined.

Mass transfer

The solution-diffusion model is the most widely used to describe 
permeation through membranes.31 The mechanism is divided into 
three stages: sorption; diffusion and desorption.

According to the Fick’s law, the steady state diffusive flow of 
component i (ethanol) through the membrane with l thickness is:

	 	 (5)

where Di
m is the diffusion coefficient of the membrane and Ci

m is the 
concentration of component i on the membrane surface.

This study evaluated two approaches to determine the mass 
transfer. The first one uses the PERKAT model,32 which encompasses 
all parameters related to membrane morphology and interaction with 
solute in a single variable. The second approach uses the PERVAP 
model,33 which determines the diffusion coefficient through the theory 
of free volume and reduces the need for experimental information.

The two models were developed based on Figure 1, which 
presents an illustrative scheme of the main parameters of mass transfer 
in a PV membrane.

PERKAT model
The permeate flow is related to the gradient of chemical potential:

	 	 (6)

The chemical potential is a function of the composition inside 
the membrane and the pressure variation across it:

	 	 (7)

Since Pm is the pressure at different points in membrane, a linear 
decay is assumed:

	 	 (8)

To calculate the composition on the feed side of the membrane 
( ), it was considered the liquid phase in equilibrium. So, the 
chemical potential on fluid can be considered equal to the chemical 
potential on the membrane surface ( ). Thus, a relationship 
can be obtained between the feed composition and the activity 
coefficients of the pure component (γi) and the membrane (γm). The 
same considerations were made for the permeate side, assuming 
equilibrium in the vapor phase ( ). Finally, the permeate 
flow is:

	 (9)

where the vapor fraction in the permeate stream (yi,P) must be collected 
from experiments, while the feed fraction is known. The term  
(DiCi

m/lγm) is known as a transport parameter, and includes the 
variables related to the morphological and kinetic characteristics 
related to the membrane permeability. This parameter was considered 
constant.
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Selectivity
The separation factor, or selectivity, quantifies the ability to 

transport a particular specie:

	 	 (10)

PERVAP model
The PERVAP model expresses the chemical potential in terms of 

concentration and includes selectivity in Fick’s Law. In this case, it is 
not necessary to use experimental data. In this model, the permeate 
flow is:

	 	 (11)

where Di
m is the diffusion coefficient, γm is the membrane activity 

coefficient, which is responsible for quantifying the affinity between 
the membrane with a certain component, and p = Pp/Pi

sat is the relative 
pressure on the permeate side. In this approach, Eq.(10) and (11) are 
solved simultaneously. The vapor and liquid phases were considered 
to be in equilibrium (  and ).

Determination of the diffusion coefficient
The diffusion coefficient calculates the dependence between 

temperature, concentration and molar mass in polymeric systems 
and measures the resistance to mass transfer of each component. 
This coefficient is calculated according to the free volume theory:34,35

	 (12)

where D0 is the pre-exponential factor; E is the critical energy needed 
for a diffusant to overcome neighboring attractive forces; γ is an 
overlap factor, accounting for the fact that more than one molecule 
may access the same free volume;  is the critical local hole free 
volume required for a diffusive jump of component i; ωi is the mass 
fraction of i; ξ is the constant that expresses the ratio between the 
molar volume of the solvent and polymer jump unit; K11 and K21 are 
free volume parameters for the solvent; K12 and K22 are the parameters 
for the polymer; φ1 is the volume fraction of the solvent; χ is the 
solvent/polymer binary iteration parameter; Tgi is the glass transition 
temperature of component i.

Many published papers in the literature are based on this 
theory. Mafi et al.14 developed a hydrophobic pervaporation 
model for the removal of ethanol from aqueous solutions. The 
authors satisfactorily predicted permeate flows and selectivity 
and determined the effects of feed concentration and temperature 
on system performance. In this way, it was possible to determine 
the operating conditions. Darvishi et al.36 developed a predictive 
model for removing styrene from wastewater in petrochemicals. The 
authors compared the free volume theory by Vrentas and Duda,34,35 
and another theory proposed by Fujita.37 After verification with 
experimental data, the theory of Vrentas and Duda,34,35 presented 
higher representativeness of the results. However, the authors 
concluded that accuracy of both methodologies decreases with the 
increasing in feed concentration.

Model parameters

The ethanol/water chemical system has polar components, no 
electrolytes, with an operating pressure less than 10 bar. For this 

reason, the Nonrandom Two-Liquid (NRTL) thermodynamic model 
is indicated to calculate the activity coefficients.38 

The vapor pressure and molar volume of components on the feed 
side were determined from the extended Antoine equation and the 
modified Rackett equation, respectively.

The data used for the free volume parameters of ethanol/water 
mixture are presented in Table 1. Table 2 presents data for the polymer.

The specific free volume ( ) was estimated using atomic 
constants according to Sugden.39 The binary iteration parameter (χ) 
was calculated using the Lee and Danner group contribution method. 
Data of the free volume parameters for the polymer were extracted 
from literature,40 and are a function of the viscosity and temperature of 
the pure polymer. Infinite dilution was assumed for both components.

For the PERVAP model, it is necessary to specify the membrane 
thickness (l) equal to 160 µm.29

Numerical solution and optimization

The algorithm for the solution of all equations was developed 
in Aspen Custom Modeler and is shown in Figure 2. The system of 
non-linear equations was solved using the Newton Mixed method. 
This algorithm uses the pure Newton method in the initialization and 
steady state steps and Fast Newton in the dynamic steps.

The transport parameter (related to the PERKAT model), and the 
membrane activity coefficient (related to the PERVAP model) were 
determined by minimizing the relative error (Eq. (13)) between the 
experimental data and those obtained by the respective models for 
the permeate flow:

	 	 (13)

The minimum of each objective function was determined using 
the Nelder-Mead method (Simplex).

Aspen Plus™ simulation

A cascaded PV unit consists of a sequence of PV modules in 
series, interspersed by heat exchangers. In order to condense the 
permeate stream, a heat exchanger and a vacuum pump are required, 
as shown in Figure 3. Aspen PlusTM was used to model this process. 
The auxiliary equipment was modeled using the simulator library. 

Table 1. Free-volume parameters for the ethanol/water mixture

Parameters Ethanol Water

 (cm3 g-1) 0.985 1.071

K11/γ (cm3 g-1 K-1) 0.312×10-3 2.180×10-3

K21 – Tg1 (K) 111.80 -152.29

D0 (cm2 s-1) 11.6×10-4 8.55×10-4

χ 0.043 0.053

ξ 0.124 0.035

E (cal mol-1) 0 0

Table 2. Free-volume parameters for the polymer

Parameters Polymer

 (cm3 g-1) 0.804

K12/γ (cm3 g-1 K-1) 6.93×10-4

K22 – Tg2 (K) -509.9
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Only the membrane was represented by the model developed in the 
Aspen Custom Modeler™. In this case, the model that obtained the 
best results was generalized and exported to Aspen Plus™.

In order to compare the developed model with other processes 
for obtaining anhydrous ethanol, flow and composition information 
for the inlet stream were collected from the study by Brito et al..41 
For membrane operation, temperature and pressure data were based 
on Qariouh et al..29 All the required information is shown in Table 3. 
The ethanol specification in product stream is 99.99 wt %.

The temperature of the retentate (TR) is determined based on the 
consideration made by Servel et al.6 A temperature difference between 
the feed and product stream of 20 °C was assumed (∆T = TF – TR), 
in order to achieve a minimum permeation rate in each PV module.

The configuration of PV cascade was developed to optimize the 
relation between the area and energy consumption of the membrane. 
To obtain the optimum configuration of the cascade PV process, the 
number of modules was calculated though the algorithm presented 
in Figure 4. This procedure was done just using Excel calculations.

The input condition is the fresh feed. Initially (step 1) the 
model calculates the area of the PV module in order to reach the 
required temperature difference specified by retentate Servel,6 
and determines the output composition of this module (xre). If the 
retentate composition is lower than 99.99 wt%, go to step 2; if else 
go to step 3.

In step 2, a new module is added to the process. The retentate 
stream of the previous module is updated as the feed of the actual 
module. Every time step 2 is executed, a new module is added to the 

Figure 2. Algorithm in Aspen Custom Modeler

Figure 3. Cascading pervaporation process

Table 3. Feed stream specifications

Variables Values

Temperature 40°C

Pressure 1 atm

Mass flow 1886 kg/h

Mass fraction of ethanol 93.00 %

Mass fraction of water 7.00 %

Figure 4. Algorithm to determine the area of each PV module in the cascade 
configuration
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process; this is done until the composition of the retentate stream is 
sufficiently close to the required specification.

The step 3 is executed only in the last module, when the purity is 
reached, the area of the last module is obtained and, the temperature 
of the retentate stream is calculated.

The area of each module is required as specification of the PV 
block in Aspen PlusTM. If the feed stream is 1 atm and the permeate is 
0.133 kPa,29 the pressure drop between the feed side and the permeate 
stream is 101.192 kPa.

The heaters were included to reestablish the temperature and 
pressure of feed stream (40 °C and 1 atm, respectively). The condenser 
was specified for the same pressure as the permeate stream (0.133 
kPa) and a vapor fraction equal to zero. A discharge pressure of 1 
atm was set in the vacuum pump.

Specific energy consumption

Specific energy consumption (SEC) is an energy indicator that 
relates the total amount of energy required by a process to produce 
a unit of mass or mole within specifications, as shown in Eq. (14):

	 	 (14)

where Q corresponds to the sum of the energy required by the 
heat exchangers, condenser, and vacuum pump. These values were 
obtained from Aspen Plus™ simulation. The SEC was used to 
compare the pervaporation process with the extractive distillation 
process by Brito et al.41 and Tututi-Avila. et al.42

RESULTS AND DISCUSSION

Model validation

The key parameters for the characterization of the membrane 
are responsible for the way that diffusion of each component will 
occur. The transport parameter (DiCi

m/lγm) and the membrane activity 
coefficient (γm) refer to the PERKAT model and PERVAP, respectively. 
These parameters were determined through the optimization between 
the results of each model and the experimental data. Table 4 presents 
the obtained results, as well as the values of the diffusion coefficient 
used in the PERVAP model.

Figure 5 shows the comparison between the flow of each 
component in permeate stream the experimental data of Qariouh et 
al..29 The blue line refers to water flows in permeate (indicated by the 
left-hand y-axis); black refers to ethanol flows (right-hand y-axis). 
For the PERKAT model, the absolute error for ethanol and water 
flows is 14.36% and 27.96%, respectively. For the PERVAP model, 
these deviations are 10.75% and 5.43%. Therefore, the PERVAP 
model (more rigorous) represented the data trend with more accuracy.

The water flow in the permeate is always preponderant to that of 
ethanol flow, as the membrane is hydrophilic (selective to water). On 
the other hand, when the composition approaches the azeotropic point, 
the difference between flows is substantially reduced. This behavior 

suggests the occurrence of coupled transport of both components, 
caused by strong interactions with the membrane. As observed by 
Valentinyi et al.,43 there is a strong coupling between the organic 
and water flows. 

As the PERVAP model presented the best fit to the experimental 
data, it was assumed that it describes the real behavior of the process. 
In this case, PERVAP will be used for subsequent analyzes.

Selectivity

The solution-diffusion model indicates that selectivity during 
pervaporation is governed by the sorption and diffusion rates of the 
elements of the mixture.29 Therefore, the selectivity of water over 
ethanol ( ) measures how much difficulty is the permeation 
of ethanol in relation to water. According to Figure 6, the increasing 
of ethanol composition in feed stream is directly proportional to the 
separation factor, presenting an almost linear behavior.

Figure 5 and Figure 6 indicates that the increasing of ethanol molar 
fraction in feed stream causes a considerable reduction in water flow 
on permeate stream, while the ethanol flow slightly increases. This 
behavior is a consequence of the increasing in membrane selectivity 
for ethanol. In this regard: (1) at low and moderate concentrations of 
ethanol, water molecules have higher mobility within the membrane, 
due to their smaller molecular size; (2) high concentrations shift the 
concentration gradient, which impacts the activity coefficient and 
favors the permeation of the undesired component. It is important to 

Table 4. Membrane characteristics

Parameter

PERKAT PERVAP

DiCi
m/lγm 

(mol h-1 m2)
Di

m 
(m2 h-1)

γm 
(m3 mol-1)

Ethanol 0.188 8.56×10-4 145.768

Water 4.358 4.18×10-4 2.034

Figure 5. Permeate flow as a function of the ethanol composition in the feed

Figure 6. Effect of the feed composition in selectivity ( ) of the PEI 
membrane
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highlight that, even so, the membrane remains preferentially selective 
to water in the entire concentration range.

Influence of pressure on the permeate side

The solution-diffusion model indicates that the pressure reduction 
on the permeate side favors diffusion through the membrane. This 
behavior is explained by the formation of a concentration gradient 
between the sides, which results in the shift of the chemical potential 
(the driving force of the process). A sensitivity analysis of pressure 
was carried out to verify this effect, as shown in Figure 7.

The pressure has a significant effect in solutions with a low 
concentration of ethanol (below 60%). In regions with a high ethanol 
concentration, the pressure effect is insignificant. This behavior 
indicates that the coupling flows have a predominant effect in this 
range. In this case, water permeation is hampered due to the increasing 
of ethanol fraction on feed, as presented in Figure 5.

Another phenomenon can be observed in ethanol concentrations 
below 20% and at higher pressures on the permeate side. It is known that 
two factors promote the gradient of chemical potential: the difference 
in concentration and pressure between the faces of the membrane. In 
this context, in a permeate pressure greater than 0.4 kPa (lower pressure 
gradient), this factor is no longer preponderant over the permeate flow. 
In turn, it is up to the concentration of the feed to reach the minimum 
gradient necessary to promote the permeation increasing.

Influence of the feed flow

The feed flow is a variable usually used to control the product 
composition. Its influence on ethanol purity in the retentate stream is 
evaluated in Figure 8. The increase in feed flow results in a product 
stream with a lower degree of purity. As the membrane has a fixed 
rate of permeation per square meter, the increasing in feed will only 
serve to decrease the concentration of the product stream.

Figure 8 can also be interpreted as an x-y diagram, where the 
black line indicates the equilibrium composition. In this system 
there is no limitation in the separation along the entire feed range. 
In conventional distillations, a binary azeotrope is formed, around 
89 mol% of ethanol.

Figure 9 shows the ethanol recovery in the retentate stream when 
the feed flow is varied. In case of lower ethanol concentrations in 
feed, the membrane presents lower efficiency for ethanol recovery. 
This recovery can be improved by increasing the initial flow. It is 

important to highlight that the recovered fraction, even in the weakest 
performance, is higher than 93%. For high concentrations of ethanol 
in feed, this value can be between 98.9 and 99.8% (molar).

PERVAP model in Aspen Plus™

To simulate the complete pervaporation unit, the PERVAP model 
was exported to Aspen Plus™ through a .dll available in its library. 
Figure 10 shows the simulated flowsheet.

The feed flowrate is 1886 kg/h and is consisted of 93% and 7% by 
mass of ethanol and water, respectively. The main results obtained for 
each stream are shown in Table 5. It was considered a specification of 
99.99% by mass of ethanol in the product stream of the last module 
(12). The final permeate stream (15) reached 73.49% by mass of water.

The calculated cross-sectional areas for modules PV1, PV2, 
PV3 and PV4 were 1.097 m2, 1.331 m2, 1.845 m2 and 2.625 m2, 
respectively. The inclusion of a new module in process results in 
an increasing in ethanol composition of the output, which justifies 
the progressive increasing in the area of module. As noted earlier, 
the increasing in ethanol composition in feed possibly favors the 
occurrence of coupled transport of the undesired component; on the 
other hand, the total permeate flow per square meter of membrane 
decreases. The decreasing in flow reduces the amount of lost latent 
heat, which results in a usage of a larger membrane area for a fixed 
amount of heat (∆T = 20 °C).

Figure 7. Influence of pressure on flow in the permeate side
Figure 9. Ethanol recovery as a function of flow and composition in the feed

Figure 8. Influence of feed flow on ethanol purity in the retentate stream



Detailed evaluation of pervaporation modeling to obtaining anhydrous ethanol 381Vol. 45, No. 4

According to Table 5, the feed flow decreases along the modules. 
This decrease favors obtaining a product with high purity. The fraction 
of ethanol recovered by streams 3, 6, 9 and 12 is 99.60%, 99.49%, 
99.27% and 98.90% respectively. Once again, the reduction in flow 
affects the percentage of ethanol recovered. The fraction recovered 
from the overall process was 97.29%.

Specific energy consumption

In case of cascade PV, considering a feed of 1886 kg/h, 
37.05 kmol/h of ethanol at 99.97% molar were produced. The total 
energy consumption was 194.197 kWh.

Table 6 compares the SEC obtained by the cascade pervaporation 
unit (PVC) to conventional (CS) and thermally coupled (TCS) 
extractive distillation,42 and to extractive distillation with (CS+) 
and without thermal integration (CS–), and thermally coupled with 
(TCS+) and without (TCS–) thermal integration.41

The PVC configuration presented the lower SEC; heat should be 
supplied to the replacement of the lost latent heat, due evaporation 
of the permeate amount.

In mass basis, SEC of PVC is equal to 0.1138 kWh/kg. This value 
is compared with PV process from literature (ethanol/water system), 
as shown in Table 7.

It was not found in literature the cascade configuration of 
pervaporation process using the polyetherimide membrane to separate 

water from ethanol. The PVC was compared with the papers by 
Kunnakorn et al.44 and Nagy et al.,45 who used single pervaporation 
module, and present disadvantages since the module area is increased 
until the specifications product is reached. Larger areas require larger 
permeate flows, which results in heat latent loss, lower temperature 
of downstream retentate, and progressive reduction in permeation 
rate of the membrane.

In the cascade configuration, a minimum rate of permeation was 
estabilished (through ∆Tmodule = 20 °C). Hence, the make-up of heat 
latent is done in the end of each section. In this way, the membranes 
operate in an optimum range of their conditions, which explains the 
lower SEC.

Even so, only the SEC should not be considered in isolation. Costs 
related to investment, operation and maintenance are crucial factors 
for the definition of new projects. Viability varies according to the 
type of component to be separated, as well as the used membrane.

Model limitations

The developed model is rigorous when compared to some 
studies in the literature, such as those by Khazaei et al.7 and Babaie 
et al..8 However, the model has some limitations, which should be 
investigated in the future:
	Permeation is evaluated in only one direction.
	It does not consider the fluid dynamics effects, such as concen-

tration polarization.
	The diffusion coefficient defined by the free volume theory does 

not consider the variation in temperature and system composition.
	It does not report information regarding the sizing of the perva-

poration module.

Still, this model can do a quick and robust assessment of the 
membrane’s permeation capacity. It is suitable for a quick comparison 
of different system configurations and a rough estimate of energy 
demand and installation costs.

CONCLUSIONS

The phenomenological modeling of the pervaporation process, 
using a polyetherimide membrane to separate the azeotropic ethanol/
water mixture, was implemented in the Aspen Custom Modeler™ 
software. Two approaches were investigated: PERKAT and PERVAP. 
The models were compared with data from the literature, and PERVAP 
resulted in the highest representativeness. These results confirm the 
importance of including the variables that correlate the morphological 

Table 5. Main streams results in the pervaporation unit

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Fase Liquid Vapor Liquid Liquid Vapor Liquid Liquid Vapor Liquid Liquid Vapor Liquid Vapor Liquid Liquid

Temperature (°C) 40.00 40.00 20.00 40.00 40.00 20.00 40.00 40.00 20.00 40.00 40.00 25.58 40.00 -25.68 -25.58

Pressure (bar) 1.0133 0.0013 1.0133 1.0133 0.0013 1.0133 1.0133 0.0013 1.0133 1.0133 0.0013 1.0133 0.0013 0.0013 1.0133

Mass flow (kg/h) 1886 46 1839 1839 46 1793 1793 47 1746 1746 39 1706 179 179 179

Mass fraction

Ethanol 0.9300 0.1500 0.9497 0.9497 0.1911 0.9693 0.9693 0.2708 0.9881 0.9881 0.4805 0.9999 0.2651 0.2651 0.2651

Water 0.0700 0.8500 0.0503 0.0503 0.8089 0.0307 0.0307 0.7292 0.0119 0.0119 0.5195 0.0001 0.7349 0.7349 0.7349

Table 6. Comparison of specific energy consumption between PV and distillation processes.

CSa CS–b CS+b TCSa TCS–b TCS+b PVC

SEC (kW/kmol) 29.86 23.05 18.30 26.05 23.97 18.03 5.24
a Tututi-Avila et al.42 b Brito et al.41

Figure 10. Flowsheet of pervaporation in Aspen Plus™

Table 7. Comparison of specific energy consumption between PV processes.

Authors PVC Literaturea Literatureb

Feed composition (wt% Ethanol) 93.00 94.00 77.00

Product composition (wt% Etanol) 99.99 99.50 99.50

SEC (kWh/kg) 0.1138 0.3150* 0.2111*

a Kunnakorn et al.44 b Nagy et al.45 * SEC was calculated by this study (it was 
not computed by authors).
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characteristics of the membrane in the modeling of the process.
It was found that the increase in the concentration of ethanol in 

the feed promotes the occurrence of coupled transport of the undesired 
component through the membrane, affecting the permeation of water. 
The pressure reduction on the permeate side favors the diffusion 
phenomena, due to the intensification of chemical potential gradient 
between the faces of the membrane. However, it has a predominant 
effect on ethanol concentrations below 60% in the feed. On the other 
hand, for pressures above 0.4kPa, a minimum concentration gradient 
is necessary to promote the increasing in permeation. Pervaporation 
avoided the azeotrope formation, making it possible to achieve high 
purity content. Increasing the feed flow with constant composition 
results in a less concentrated product. On the other hand, it favors 
the recovery rate of ethanol, which varied between 93.0 and 99.8% 
on a molar basis.

The simulation of complete cascading pervaporation unit shows 
that the increase in the cross-sectional area of the membrane for 
each module added to the system is related to the increase in feed 
composition, which reduces the permeation rate per square meter of 
membrane. It was also found that the reduction of the total feed flow 
in each module favors the obtaining of a product with high purity, 
although the fraction of ethanol recovered is reduced throughout 
the modules.

The specific energy consumption of the PVC configuration was 
the lowest when compared with other distillation processes and also 
with single PV modules.
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