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In order to assess the influence of hydrodynamic effects on the recovery of n-butanol by means of
pervaporation, a commercial PERVAP 4060 membrane was investigated. Laboratory pervaporation
experiments were carried out providing a comparison of the permeation fluxes and enrichment factors.
While the enrichment factors achieved in both modules under the same process conditions were com-
parable, the permeation fluxes differed from each other. In order to explain the observed differences,
hydrodynamic conditions in the membrane module were examined by means of CFD simulation per-
formed with ANSYS Fluent 14.5 software. Two different modules having membrane diameters of
80 mm and 150 mm were analyzed. As a result, different velocity profiles were obtained, which
served to estimate the mass transfer coefficients of butanol, ethanol and acetone.
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1. INTRODUCTION

Pervaporation is a process for separating liquid mixtures with the help of solid non-porous membranes.
Components of the feed solution transferred through the membrane are first adsorbed onto the membrane
surface and dissolved, then diffuse across and are desorbed from the other side of the membrane. The
efficiency of separation is influenced mainly by the interactions between the membrane and the feed solu-
tion as well as concentration polarization at the membrane/solution interface, resulting from the feed flow
hydrodynamics. Within the boundary layer components are transferred by diffusion. Until mass transfer
resistance of the layer is low enough, compared with diffusion resistance inside the membrane material,
the boundary layer does not dominate the overall mass transfer. However, if the boundary layer resis-
tance is high, it impedes the passage of molecules from the feed. In general, the thickness of the active
layer governs pervaporation performance (Baig, 2008; Baker et al., 1997; Basile et al., 2015; George and
Thomas, 2001).

Components of the feed solution diffuse through the polarization layer formed at the membrane surface.
In the investigated system, mass is transferred from a quaternary feed containing acetone, butanol, ethanol
and water. Acetone, butanol and ethanol are present in the ABE fermentation broth in a mass ratio of about
3 : 6 : 1 with the concentration of butanol typically lower than 3 wt%. Since purification of biobutanol car-
ried out via distillation consumes a great amount of energy, other separation methods are being studied,
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including adsorption, gas stripping, perstraction, liquid-liquid extraction, pervaporation and reverse osmo-
sis. Analysis of these methods leads to the conclusion that pervaporation is highly competitive because it
allows simultaneous separation and enrichment of butanol with a hydrophobic membrane (Abdehagh et
al., 2014; Huang et al., 2014; Liu et al., 2005).

It is commonly accepted in membrane science that scaling up from laboratory experiments to commercial
production is not problematic, i.e. it is usually sufficient to increase the membrane area in order to pro-
portionally raise the production rate. This notion, however, does not apply to flat membranes, which are
susceptible to hydrodynamic properties of the system. For this reason, scaling up the process performed
with a flat membrane should be preceded with fluid flow modeling in the membrane module.

This paper aims to assess the influence of the feed flow hydrodynamics on the pervaporative recovery of
butanol. In order to achieve this goal, a commercial PERVAP 4060 membrane was investigated, placed in
two membrane modules of different diameters. Hydrodynamic conditions in the modules were analyzed
with the help of computational fluid dynamics (CFD) using ANSYS Fluent 14.5. Moreover, the achievable
enrichment of butanol during pervaporation was studied experimentally.

2. EXPERIMENTAL METHODS

The experiments were performed using the laboratory equipment schematically shown in Fig. 1. The
pervaporation system included two replaceable membrane modules designated for membranes 80 mm
and 150 mm in diameter. The feed flow rate was equal to 40 dm3/h. Figs. 3a and 4a present schematic
cross-sections of the modules together with their internal dimensions. As the feed, an aqueous solution
was used, containing acetone, n-butanol and ethanol in a 3 : 6 : 1 mass ratio. The feed was meant to imitate
the ABE fermentation broth (Marszałek and Kamiński, 2012).

Fig. 1. Schematic diagram of the laboratory pervaporation system

2.1. Recovery of butanol in the pervaporation process

To examine the pervaporative recovery of butanol, a commercial hydrophobic PERVAP 4060 membrane
was used, 80 mm and 150 mm in diameter, placed in the corresponding membrane modules. The process
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was carried out at 29, 37 and 50 ◦C. The pressure on the low-pressure side of the membrane was constant
and equal to 1 kPa. The feed contained 1.5, 3.0 or 5.0 wt% n-butanol, 0.75, 1.5 or 2.5 wt% acetone and
0.25, 0.5 or 0.83 wt% ethanol, respectively.

Samples of the feed, the permeate and the retentate collected during the process were analyzed using a
ThermoFinnigan gas chromatograph equipped with a BTR-CW column and a 5 wt% solution of methanol
in water as the internal standard (Marszałek and Kamiński, 2012).

3. RESULTS AND DISCUSSION

3.1. Pervaporation performance in the membrane modules

To investigate the recovery of butanol in the pervaporation process, laboratory experiments were carried
out with two membrane modules 80 mm and 150 mm in diameter. Pervaporation performance is most
often described using the flux of the permeating component and its enrichment factor obtained with a
given membrane. In this work, these quantities, given by Eqs. (1) and (2), were used to determine the
pervaporative separation of acetone, butanol and ethanol from aqueous feed solutions.

Ji = Jtot wiP (1)

βi =
wiP

wiF
(2)

The experimental values of permeation fluxes of acetone, butanol and ethanol in both investigated mem-
brane modules, recorded at different feed concentrations of acetone, butanol and ethanol and different
temperatures are shown in Figs. 2a and 2b. The enrichment factors achieved using different initial feed
compositions are given in Table 1.

Table 1. Acetone, butanol and ethanol enrichment factors, βi, achieved in both membrane modules

wBuOH,F 80 mm module 150 mm module

[10−2g/g] βAcet βBuOH βEtOH βAcet βBuOH βEtOH

1.5 34.45 16.59 2.80 29.83 16.90 2.75

3 20.75 13.73 3.84 20.97 10.57 3.09

5 14.91 8.57 3.09 14.37 9.59 2.70

During the process performed in the smaller module, higher total and partial permeation fluxes of acetone,
butanol and ethanol were observed in comparison with the larger module. The differences between the
fluxes grew proportionally to the process temperature, reaching over a two-fold increase at 50 ◦C and
5 wt% butanol in the feed.

The efficiency of separation in the pervaporation process can also be measured with the enrichment factor
defined as the concentration of a component in the permeate relative to its concentration in the feed solu-
tion. Table 1 compares the enrichment factors achieved using different compositions of the feed at 37 ◦C.
As can be seen from the table, both membrane modules allow attaining similar enrichment factors when
the same compositions of the feed solution are used. Also, acetone is separated most efficiently, followed
by butanol and then ethanol.

http://journals.pan.pl/dlibra/journal/98834 157
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a) b)

c) d)

e) f)

Fig. 2. Permeation fluxes of acetone, butanol and ethanol, JAcet, JBuOH, JEtOH vs. concentrations of acetone, butanol
and ethanol in the feed, wAcet,F, wBuOH,F, wEtOH,F in the membrane module a), c), e) 80 mm in diameter; b), d), f)

150 mm in diameter

The resulting permeate composition is influenced mainly by the membrane itself, but also by the process
parameters (such as temperature) affecting the rate of diffusion through the membrane. For this reason,
increasing the size of the membrane does not change the attainable enrichment factors in a significant
manner, which has been corroborated by the experimental results.
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In order to explain why the smaller module provided higher total and partial permeation fluxes of acetone,
butanol and ethanol in comparison with the larger module, numerical simulations of the feed flow were
undertaken. Afterwards, on the basis of the flow profiles and physicochemical properties of the fluid, the
mass transfer coefficients were assessed, which was the main task of this paper.

3.2. Numerical simulation of feed flow in the membrane modules

According to numerous scientific reports, Computational Fluid Dynamics (CFD) is often used as an en-
gineering tool to characterize hydrodynamics of fluid flow (Krawczyk et al., 2012; Moraveji et al. 2013;
Schafer and Crespo, 2007).

In this work, Ansys Fluent 14.5 was employed to model the feed flow through two different membrane
modules. The calculation range covered the inlet and the interior of the module. The simulations were
performed using ANSYS Fluent 14.5 software. The calculation domain in the 80 mm module contained
19495 mesh elements and 10664 nodes. The maximum size of a triangular mesh element was 1.2 ×
10−3 m. In the 150 mm module, these parameters were as follows: 55922 mesh elements, 108736 nodes,
the maximum element size 1.2×10−3 m. For simulation purposes, temperatures of 29, 37 and 50 ◦C were
assumed along with the physicochemical properties of the fluid corresponding to 1.5, 3.0 and 5.0 wt%
n-butanol in the feed solution.

Figures 3 and 4 present the simulated velocities of the fluid in both modules i.e. the 80 mm module (Fig. 3a)
and 150 mm module (Fig. 4a) at a temperature of 29 ◦C and a concentration of butanol in the feed equal to
3 wt%. Figs. 3b and 4b show velocity profiles at three selected cross-sections of each membrane module,
located at a distance of 0.25, 0.5 and 0.75 of the membrane radius from the axis of the feed inlet.

Fig. 3. a) Numerical simulation of the local feed velocities (m/s) over the membrane inside the 80 mm
membrane module; b) Velocity profiles at selected cross-sections of the module
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Fig. 4. a) Numerical simulation of the local feed velocities (m/s) over the membrane inside the 150 mm
membrane module; b) Velocity profiles at selected cross-sections of the module

Local velocity profiles in the respective modules differ from each other because of the differences in
their size and shape. Both modules are cone-shaped with their tops cut off where the feed inlets having
a diameter of 6 mm had been attached. The distances between the membrane and the inner upper wall
of the module at the inlet are 2 mm in the smaller and 11 mm in the larger module, which is illustrated
in Figs. 2a and 3a. The analogous distances at the bottom of the module (at the outlet) are 1.0 mm and
3.0 mm, respectively.

At the feed inlet, certain disturbances can be observed resulting from its geometry. At the membrane
surface, the velocity profiles differ depending on the distance from the inlet axis. Considering the size of
both modules and their geometry and with the help of the simulation results, the mean velocity of the fluid
has been determined. At a distance of one fourth of the membrane radius from the inlet axis (10 mm in
the smaller and 18.75 mm in the larger module), the mean flow velocity is equal to 0.093 m/s and 0.0365
m/s, respectively. The mean velocities at distances of 0.5 and 0.75 of the membrane radius from the inlet
are presented in Tables 2 and 3.

Table 2. Distances for the 80 mm module cross sections and mass transfer coefficients

x x uax kAcet kBuOH kEtOH

[–] [mm] [m/s] [10−5 m/s] [10−5 m/s] [10−5 m/s]

0.25r 10.00 0.0930 2.47 2.04 2.40

0.5r 20.00 0.0550 1.34 1.11 1.31

0.75r 30.00 0.0453 1.00 0.82 0.97
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Table 3. Distances for the 150 mm module cross sections and mass transfer coefficients

x x uax kAcet kBuOH kEtOH

[–] [mm] [m/s] [10−5 m/s] [10−5 m/s] [10−5 m/s]

0.25r 18.75 0.0365 1.13 0.93 1.10

0.5r 37.50 0.0066 0.34 0.280 0.33

0.75r 56.25 0.0058 0.260 0.22 0.25

The general approach to predicting mass fluxes in pervaporation has been presented by Kubaczka et al.
(2018). It is very complicated mathematically and beyond the scope of this paper. However, to explain why
the total and partial permeation fluxes of acetone, butanol and ethanol were higher in the smaller module,
we decided to calculate the mass transfer coefficients. The correlation given by Eq. (3) (Rousseau, 1987)
was assumed appropriate for the flow over a flat surface. The permeation flux depends on the mass transfer
resistance in the flow near the surface of the membrane and diffusive resistance within the membrane.
Since the same membrane was used in all experiments, the differences in mass transfer in the feed flow
resulted in the permeation flux differences.

Sh = 0.664Re0.5Sc0.33 (3)

ki =
ShiDwi

x
(4)

where Re is the Reynolds number defined as:

Rex =
uax xρF

µF
(5)

where uax – average velocity of the fluid at an x cross section of the module.

The results of calculations that were performed for a temperature of 29 ◦C are summarized in Table 2 for
the 80 mm module and Table 3 for the 150 mm module. The calculated Reynolds number increases from
1136 to 1660 in the small module along with the distance from the inlet and decreases from 836 to 398 in
the large module. Its values suggest laminar flows in both modules.

The diffusivity necessary for calculating the Schmidt number were taken from Hills et al. (2011). Taking
into account that the aqueous solutions were diluted, their viscosity was assumed to be equal to the vis-
cosity of water. The resulting Schmidt number was 639 for acetone, 852 for butanol and 665 for ethanol.

The mass transfer coefficients were calculated using the physicochemical properties of the components.
However, it should be noted that their accuracy is about 20%.

Tables 2 and 3 show that the mass transfer coefficients of acetone, butanol and ethanol are several times
higher for the 80 mm module compared to the 150 mm module. This is due to the higher linear flow rates
and smaller distances between the feed inlet and the outlet.

4. CONCLUSIONS

• Experiments were carried out on the pervaporative concentration of diluted aqueous solutions of ace-
tone, butanol and ethanol using flat membranes and two membrane modules 80 mm and 150 mm in
diameter. Significant differences in the permeation fluxes were found when comparing the modules.
On the other hand, the enrichment coefficients, determined by the membrane type, had similar values.
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• Simulations of fluid flow through the two flat membrane modules show that the local velocity profiles
in the modules differ from each other, which significantly influences the mass transfer coefficients and
consequently the permeation of the feed components through the membrane.

• Considering the dimensions of flat modules, pervaporation studies should always be preceded by hy-
drodynamic analysis. Otherwise, it is not possible to adequately compare the results coming from
different data sources.

SYMBOLS

D diffusion coefficient of a component in water, m2/s
h module height, m
J permeation flux, kg/(m2h)
k mass transfer coefficient, m/s
r membrane radius measured from the axis of the feed inlet, m
Re the Reynolds number
Sc the Schmidt number
Sh the Sherwood number
w mass fraction of a component
u flow velocity of the fluid, m/s
x length of the flat plate, m

Greek symbols

β enrichment factor
ρ density of the fluid, kg/m3

µ viscosity of the fluid, Pa·s
φ diameter of the module, mm

Subscripts

F feed
i number of component
P permeate
w water
x selected cross-section of the membrane module
ax average velocity of the fluid
tot total
Acet acetone
BuOH butanol
EtOH ethanol
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