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Membrane technology is a potential way for water recovery from the flue gas of the lignite boiler.
Consider the influences of the micro-scale configuration of the membrane and the operating parameters,
the physical process was modeled based on the Stefan Maxwell theory, as well as the composite mem-
brane resistance model for numerical simulation. The mass transfer process of flue gas in coating, tran-
sition layer and support layer of the composite membrane was analyzed respectively. The theoretical
results were both verified by experiments and numerical simulations. The influences of different mate-
rials, pressure difference, porosity and transition layer thickness on the water vapor permeation flux were
revealed. The results show that the high Henry coefficient and the high selectivity of water vapor have
great advantages in the application, and the increase of pressure, porosity and thickness of the transition
layer are all beneficial to increase the water vapor flux. Based on the theoretical model, the multi attri-
bute decision making method was employed to provide suggestions for membrane material selection of
gas water recycling in the experimental researches as well as in the engineering applications.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The utilization of lignite in coal-fired power plants of China will
continue to increase in the future, leading to that the water per-
centage of the flue gas can be as high as 16%. Membrane technol-
ogy has been proved to be a high qualified approach for
component separation [1–3]. In addition, there are numerous
researches about the water recovery from wet flue gas by mem-
brane technology, including that of the model calculation, CFD sim-
ulation and experimental verification [4–9]. However, the
transport mechanism and the refined description of mass transfer
process in the membrane were less involved.

According to the pore level model of the separation membrane
and the relationship between the gas and the membrane, the multi
component gas separation principle consists of micro pore diffu-
sion, dissolution diffusion and composite membrane resistance
model [10–12]. The previous studies mainly used the Fick’s law
[13] to explain the component transfer process. However, the Fick
diffusion was driven by the concentration gradient, but in practical
applications, the separation of gas mainly depends on the pressure
gradient. More comprehensive study [14] showed that at least in
the early stage of the multi-component mixture diffusion, the dif-
fusion coefficient was not related to its concentration, implying
that mere concentration diffusion did not suit for the separating
process of multicomponent flue gas.

As a comparison, the Maxwell Stefan theory considers the
effects of non-ideal thermodynamics and external force fields,
which can better describe the multi-component diffusion in com-
plex configuration than that of the Fick’s law. The Maxwell Stefan
theory has universal applications in analysis of the separation pro-
cess of the mixture. For example, Grahn et al. [15] and Kangas et al.
[16] used Maxwell Stefan theory to study the physical processes of
mixed CO2/H2 separation. Costa-Corredo et al. used this theory to
simulate the water and salt diffusion process [17]. Several investi-
gations [18–20] used Maxwell Stefan theory, Fick’s law and the so-
called dust and gas model to analysis the physical phenomena of
protein absorption anion. It was found that the Maxwell Stefan
theory had its own irreplaceable advantages.

Based on the literature review, the physical process of water
recovery of coal-fired boiler exhaust flue gas by membrane tech-
nology is modeled based on the Stefan Maxwell theory, as well
as the composite membrane resistance. The influences of micro-
scale configuration of the membrane and the operating parameters
on the performance of water transport are discussed herewith.
According to the results, the suggestions are given to the material
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Nomenclature

A Avogadro’s number, mol�1

B hydraulic permeability coefficient
C⁄ comprehensive evaluation index
c average concentration of the mixture through the layer,

mol m�3

D Maxwell Stefan diffusion coefficient, m2 s�1

d diameter, m
F driving force, N mol�1

f embedding rate
g the value after vector specification
h weighted norm
M mole mass, kg mol�1

N gas permeation, mol m�2 s�1

p gas partial pressure, N m�2

R gas constant, J mol�1 K�1

s number of data
T temperature, K
t comprehensive weight
W entropy value
w weight
x mole fraction of j
y table attribute value
z layer thickness, m

Greek symbols
c contraction factor
e porosity
k expert weight
n friction coefficient, N s mol�1 m�1

W component potential, J mol�1

s path factor

Subscripts
d the ‘‘dust” which represents the membrane in ‘‘dust-

gas” model
dis dissolved permeability
i component i
j component j
m row
n column
K Knudsen diffusion
p pore of membrane
v viscous flow
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selection of the composite membrane in the experimental
researches as well as in the engineering applications.
2. Process description

The typical components of the exhaust flue gas of coal-fired boi-
ler of a 300 MW power generating unit with lignite as fuel are H2O,
N2, CO2, O2 and a small amount of SO2 and NO2. Their mass frac-
tions are 5–11%, 72–75%, 13–16%, 0.35–1%, respectively. In this
study, the mass fraction, mole fraction, density and viscosity of
each component at the outlet temperature of the outlet flue gas,
110 �C, are shown in Table 1.

It has been widely proposed that the multi-layer membrane is
used to separate the components of exhaust flue gas in the coal-
fired power plant [21,22]. According to the structure, the mem-
brane can be divided into symmetrical and asymmetrical ones,
including four main groups based on the nature of the membrane
material: polymeric, inorganic, mixed-matrix and liquid mem-
branes [1–3]. At present, hollow fiber membrane, ceramic mem-
brane, zeolite membranes and glass fiber membrane are
commonly used.

In practice, the membrane separation device is located after the
desulfurization and denitration equipment in the chimney of the
coal fired power plant boiler. The flue gas that flows through the
membrane module is divided into the pipe flow and the outer flow
according to the flue gas goes inside or outside of the membrane
tube bundles. Also the flow modes can be described as concurrent,
countercurrent and cross flow based on the relative position of the
direction of flue gas flow and the pipes.
Table 1
Components and physical properties of the exhaust flue gas.

H2O N2

Mass fraction (%) 11 72
Mole fraction (%) 17.08 71.88
Density, q (kg/m3) 0.83 0.891
Viscosity, g � 106 (Pa s) 12.425 22
Fig. 1(a) and (b) shows the schematic diagram and the practical
cross flow membrane separation module, respectively. The direc-
tion of flue gas flow and that of the membrane pipe bundles are
vertical arrangement. The saturated flue gas stream flowed at the
outside of the membranes. A vacuum was applied inside mem-
branes to provide a driving force for water vapor permeation.
The water vapor component in the flue gas can be trapped and col-
lected in a condense cooler. Composite hollow fiber membranes
with a top layer of SPEEK were built into fiber bundles.
3. Physico-mathematical models

In this paper, the hollow fiber membrane is employed as the
physical model, which separates the flue gas based on its selectiv-
ity to different components and the potential difference on the
both sides of the membrane. It has been verified that the mem-
brane material selected in this study has much higher water vapor
permeability than that of other inert components in the flue gas
[8].
3.1. Physical model

Dense layer of hollow fiber membrane locates outer surface or
inner surface of the fiber, and it constitutes the external and inter-
nal pressure difference, which becomes the driving force of mass
transfer. The membrane material has good selectivity to different
components, only water vapor can pass through the membrane
pores, while the other gas molecules can hardly pass.
O2 CO2 SO2 and NO2

4 13 1
3.5 6.99 0.55
0.98 1.34 0.87
25 1960 14



(a) Schematic diagram of polymer membranes modules.

(b) The practical cross-flow membrane separation module.

Fig. 1. Physical model to illustrate the flue gas dehydration by polymer membranes [8].
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The microstructure of the composite membrane employed for
water recovery of the flue gas is shown in Fig. 2(a), as well as the
three-layer configuration is simplified illustrated in Fig. 2(b). The
coating, connecting and support layers of the composite mem-
brane, are respectively indicated as L1, L2 and L3 in Fig. 2(b). The
coating layer is of compact structure, which can be regarded as a
porous membrane without the consideration of the pore level
impact. The component diffusion in the coating can be considered
as dissolution penetration. The support layer is of larger gap than
that of coating layer, of which the most pore sizes are in the range
of 10–20 lm, as shown in Fig. 1(a). For the cases and transport
parameters present studied, the viscous flow and Knudsen diffu-
sion exist simultaneously. The connecting layer between the coat-
ing and supporting layers with the average pore size of about 0–
10 lm, both dissolution penetration and Knudsen diffusion should
be taken into consideration.

3.2. Maxwell Stefan theory

Forces acting on the mixture passing through the membrane
can be divided as driving forces and friction forces. The basic idea
of Maxwell Stefan theory is that the friction forces should be equal
to the driving forces. The Stefan Maxwell equation is the result of
these two types of forces,

Fi ¼ ni;jxjðui � ujÞ ð1Þ
in which, Fi is the driving force, ni,j is the friction coefficient between
components i and j, xj is the mole fraction of component j, ui, uj in m/
s are the diffusion rate of components i and j, respectively.

In a more common format, the friction coefficient can be revised
to the Stefan Maxwell diffusion coefficient as follows,

Di;j ¼ RT
ni;j

ð2Þ

where Di,j in m2/s is the Stefan Maxwell diffusion coefficient
between components i and j, R is the ideal gas constant, T in K is
the local temperature.

The force per unit volume of component i in N/(mol m3), fi, also
can be obtained by the flow flux of each component of the flue gas,

f i ¼
X
j–i

RT
Di;j

ðxjNi � xiNjÞ ð3Þ

in which, Ni and Nj in mol/(m2 s) are the gas permeation of compo-
nents i and j, respectively, xi is the mole fraction of i.

fi can not be obtained directly from the experiment or simula-
tion, so we use a different form to express the diffusion coefficient,
Di,j, by the ratio of the potential difference and the film thickness,

�xi
DWi

Dz
¼
X
j–i

RT
cDi;j

xjNi � xiNj
� � ð4Þ

where Wi in J/mol is the potential energy of component i, c in mol/
m�3 is the average flue gas flow concentration of both sides of the
membrane, and z is lawyer thickness.



(a) SEM images of hollow fiber membrane [23].

(b) Three layer structure.

Fig. 2. Configuration of the composite membrane used to separate the components in flue gas.
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The Stefan Maxwell diffusion coefficient, Di,j, of flue gas compo-
nents inside the composite membrane can be obtained by the the-
ory of gas dynamics and dust-gas model. Assuming that the gas
molecules are hard sphere, and the friction between the compo-
nents is due to the momentum exchange between different mole-
cules in the collision, the expression of diffusion coefficient then
can be acquired by,

Di;j ¼
ffiffiffiffiffiffi
2
p3

r
ðRTÞ3=2
Apd2

i;j

1
Mi

þ 1
Mj

� �1=2

ð5Þ

in which, di;j ¼ diþdj
2 , di, dj are the molecule diameters of components

i and j, respectively, Mi and Mj in kg/mol are the molar mass of the
two substances, respectively, A is the Avogadro’s number, p is the
gas partial pressure.

Because the particles that composed the membrane matrix is
much bigger than that of the gas components, the dust-gas model
[13,24] and formula are employed to describe the diffusion coeffi-
cient between the flue gas components and the membrane. The
membrane matrix particles are regarded as the giant ideal gas
molecules, of which the mole mass and diameter of the ‘‘dust”
are indicated as Md and dd, respectively. It is assumed thatMd �Mi

and dd � di. Hence the diffusion coefficient of ‘‘dust”, Di,d,can be
written as,

Di;d ¼ 25=2

p3=2

ðRTÞ3=2
Apd2

d

1

M1=2
i

ð6Þ

Considering the membrane matrix as well as the fluid around
the matrix as a whole, the ‘‘dust” does not represent the complete
membrane matrix. The diffusion coefficient between membrane
and flue gas component is related to the mole fraction of the sur-
rounding gas. It is necessary to use the mole fraction of ‘‘dust” to
solve the diffusion coefficient between gas and membrane matrix,

xd ¼ nd

ni þ nj þ nd
;nd ¼ 1� e

p
6 d

3
d

;ni þ nj þ nd ¼ pA
RT

; ð7Þ
in which, xd is mole fraction of ‘‘dust”, and the amount of substance
‘‘dust”, component i and component j are indicated as nd, ni, nj,
respectively, e is the porosity of the membrane discussed.

By combining Eqs. (6) and (7), the diffusion coefficient between
membrane and flue gas components can be obtained by,
Di;m ¼ Di;d

xd
¼ dd

1� e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8
9p

RT
Mi

s
ð8Þ

However, despite of its widely applications, it was found that
some transport phenomena might be free from the problematic
aspect of dusty gas model. Kerkhof found that the invalid of the
dusty gas approach was mainly in the region where viscous friction
dominated [25]. For the present transport phenomena, Knudsen
diffusion and dissolution penetration dominate respectively in all
three layers. Only in the support layer viscous flow and Knudsen
diffusion exist simultaneously. The dust-gas model is employed
herewith to obtain the diffusion coefficient as mentioned above.

In the process of mass transfer, the diffusion coefficient
between gas and membrane has its particularity. The space part
of the membrane is actually the hole with different width and con-
traction, which influences the diffusion coefficient significantly
and hence cannot be ignored. This effect is called the tortuous
effect, which increases route and gas diffusion rate at the constant
flux. By considering the tortuous effect, the diffusion coefficient of
Stefan Maxwell between the different gases or between gas and
matrix can be amended by [14],
D�
i;j ¼ Di;j

c
s2

D�
i;m ¼ Di;m

c
s2

ð9Þ
where c is contraction factor, s is the path factor, Di,j
⁄ and Di,m

⁄ have
taken into account the twists and turns effect. The following discus-
sions will use Di,j, Di,m instead of Di,j

⁄, Di,m
⁄.



Feed Pressure (kPa)

Fig. 3. Comparison of C7H16 permeability between experimental results [10] and
theoretical predictions at different feed pressures.
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3.3. Mass transfer of flue gas components through the composite
membrane

3.3.1. The coating layer
Because there are corresponding purification facilities before

the flue gas exhausting, there are little components of SO2 and
NO2. Therefore, the present study only discusses the first four kinds
of components of the flue gas listed in Table 1.

The selectivity and permeability of the coating layer are mainly
depended on to realize components separation. The differential
form flux of Maxwell Stefan equation to represent the component
diffusion equation can be then obtained by,

�xi
Dpi

piDz
¼
Xn
j¼1

xjNi � xiNj

Di;jc
þ Ni

Di;Mc
ð10Þ

i, j = 1, 2, 3, 4 represents H2O, N2, O2 and CO2, respectively. The pore
size of coating is small, hence the friction force between the compo-
nents of the flue gas can be ignored comparing the friction force
between gas and membrane,

Ni ¼ �Di;m

Dz
HeiDpi ð11Þ

of which, Hei in mol/(m3 Pa) is the Henry constant of component i.
It can be obtained from Eq. (11) that the permeability of the gas

in the coating layer of the composite membrane is related to gas
pressure and gas solubility of the coating.

3.3.2. The connecting layer
As shown in Fig. 2(b), the connecting layer includes both defec-

tive porous part and compact structure similar to the coating layer,
which belongs to the dissolved penetration, while the defective
porous part exists micro diffusion. Because the gap is in microscale
in this area, the Knudsen diffusion dominates. Assuming that the
pores are uniform distribution, the Knudsen diffusion and dis-
solved permeability respectively can be expressed by,

�xi
Dpi

piDz
e ¼

Xn
j¼1

xjNi;K � xiNj;K

Di;jc
þ Ni;K

Di;Mc
ðj ¼ 1;2;3;4Þ ð12Þ

Ni;dis ¼ �Di;m

Dz
HeiDpið1� eÞ ð13Þ

where Ni,k and Ni,dis are the gas permeation of the ith component in
Knudsen diffusion and in dissolved permeability, respectively. The
composite membrane resistance theory shows that the total flux
is the sum of the two fluxes. Hence,

Ni;sum ¼ Ni;K þ Ni;dis ð14Þ
To sum up, the pressure difference and the thickness of the

conencting part are the main factors affecting the flux in connect-
ing layer.

3.3.3. The support layer
Although the viscous flow in narrow pores is small, the flow

velocity increases with pore size. The character size of the channel
in supporting layer is larger than that of the first two layers, so that
the viscous flow cannot be ignored. The supporting layer can be
taken as porous media either, while diffusion velocity and viscous
flow velocity exist simultaneously.

The expression of Knudsen diffusion represented by Stefan
Maxwell equation also can refer to Eq. (10). The mass transfer
equation of viscous flow is shown as,

Fi ¼ nvv ð15Þ
in which, nv in N/(s mol m) is the viscous friction coefficient, and v is
viscous flow velocity.
The left side of Eq. (15) is the driving force, and the right is the
friction. The viscous friction coefficient is related to the hydraulic
permeability of the structure. While transferring in a cylindrical
hole, it can be obtained by,

nv ¼ g
cB

B ¼ d2
p

ð1� eÞ2
ð16Þ

in which, g in Pa�s is the viscosity, B is the hydraulic permeability
coefficient, dp is the pore diameter.

The expression for the viscous flow velocity is,

v ¼ 1
32

�Dpd2
p

gDz
ð17Þ

The total flux of the components is the sum of the fluxes of
those two flow modes. The model indicates that the flux of each
component in the flue gas through the composite membrane is
related to the pressure difference, viscosity, pore size and so on.
4. Theoretical model validation

4.1. Experimental verification

In this section, the experimental results from references [10]
were quoted to verify the above theoretical model. The material
is hollow fiber membrane prepared by PVDF basement membrane,
and RTV-107 coating. The gas is a mixture of 4% n-heptane and 96%
nitrogen, and the operating temperature is 303.5 K while the
mixed gas flow rate is 500 mL/min. In this experiment, the pene-
tration rate of n-heptane (C7H16) is 1.5 � 10�7 mol/(m2 s Pa), and
the separation ratio of C7H16 and N2 was 470. The permeate pres-
sure is 6.9 kPa, and feed pressure changes from 200 kPa to 600 kPa.
The configuration, as well as the preparation by dip-coating
method of C7H16 is similar to the following studied composite
membranes. Hence, they have the transport mechanism, and have
the common theoretical model of Maxwell Stefan theory.

Maxwell Stefan theoretical model was used to calculate the per-
meability of C7H16 under different pressure conditions. The results
were compared with the experimental values, which was shown in
Fig. 3.

With the increase of feed pressure, it can be found that the
C7H16 permeability increases by either the theoretical results or
the experimental values. The theoretical predictions and the exper-
imental results are in a well agreement by considering their aver-
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age absolute percentage deviation is no more than 10%. This may
indicate that the model can meet the requirements of calculation
of water vapor flux in multi component gas separation. However,
because of the absence of the experimental data uncertainty anal-
ysis in the Ref. [10], only the tendency agreement can be verified
by Fig. 3.

4.2. Simulation verification

In this paper, the coating layer of the composite membrane is
dissolved penetration while the connecting lawyer is a combina-
tion of dissolved penetration and micro diffusion. The simulation
verifies mainly at support layer. As mentioned above, two-
dimensional physical model is established based on the configura-
tion of the support layer with the character size of 10�4 m. It is
believed that the continuous medium theory and the Navier-
Stokes equations are still applicable to the medium with a charac-
ter diameter of 1 lm�1 mm [26].

The simulation domain of the present physical composite mem-
brane is 200 lm in thickness, and the porosity is 0.54. Assume that
the flue gas, with the components of H2O, N2, CO2 and O2, respec-
tively, is a continuous medium with laminar flow, uniform inlet
velocity and uniform heat flux density. Set the inlet and outlet
pressures as the boundary conditions. The surface heat transfer
coefficient is set to be 0.2 W/(m2 K) while the temperature outside
the flue and the exhaust gas temperature before entering the chim-
ney are 300 K and 383 K, respectively. The interface between solid
and fluid is no-slip. The other conditions use the default
parameters.

This study uses Gambit to establish a mesh model for the pre-
sent physical model, which discretizes the calculating domain
and the boundaries shown in Fig. 2(b). The residuals of the simula-
tion are set to be less than 10�6.

Fig. 4 shows the velocity contours through the support layer of
the membrane at the pressure difference of 6 kPa and 10 kPa,
respectively. After the separation of the coating and the connecting
layer, the dialysis material in the support layer is water vapor and a
(a) 6kPa.

(b) 10kPa.

Fig. 4. Velocity contours of mixture after selection in the support layer of the
composite membrane at different pressure differences.
small amount of gas and other gas. The velocity of fluid flow is
related to the shape and size of the flow area and the speed of
the narrow part increases quickly. It implies that the tortuous
effect has a great influence on flow effect. When the pressure dif-
ference increases, the fluid flow rate increases at the same time.
At this point, the support layer doesn’t have selection ability,
where the pressure drop dominates the mass transfer.

The simulation results are compared with the theoretical calcu-
lation results under the same conditions. When the pressure differ-
ence changes in the range of 6kPa to 20kPa, the results are
illustrated in Fig. 5.

The results indicate that the theoretical and simulating values
are of larger difference when the pressure difference is small. This
can deduce to the Knudsen effect may dominates the diffusion
under low pressure difference, which does not considered in the
present simulation. However, with the increment of the pressure
difference, the deviations between the prediction of theoretical
model and that of numerical simulation are gradually reduced.
And the tendency respectively obtained by the theoretical model
and numerical simulation is coincident.

Combining the verifications both from the experimental data
and the numerical simulation, it can be concluded that the Max-
well Stefan theoretical model can have a high precision under
the determined operating conditions. Hence, the following discus-
sions mainly base on the theoretical results obtained by the pre-
sent established model.
5. Results with discussions

The initial concentration of mixture in each layer of the com-
posite membrane can be set to be the outlet concentration of pre-
vious layer. The coating material properties, porosity of the
membrane, the connection layer thickness, temperature are all
affecting the water vapor flux in the membrane.

In the previous studies [3,23,27,28], lots of materials, including
that of cellulose acetate, polyimide and so on, were employed as
the separating membrane both by experiments and simulations.
Table 2 lists the water vapor permeability and gas selective perfor-
mance of some commonly used materials, in which, the unit of per-
meability, Barrer, can be expressed in SI unit as
1Barrer = 0.76 � 10�17 m3 (STP)�mm�2 s�1 Pa�1.

Materials must be satisfied with high water vapor permeability
and high gas selectivity. In this paper, the mole fraction of water
vapor, nitrogen, oxygen and carbon dioxide in the exhaust flue
Fig. 5. Comparison of water vapor flux between the results by theoretical model
and the numerical simulation.



Table 2
The water vapor penetration and selection for various membrane materials.

Material Permeability (Barrer) Selectivity

(H2O/N2) (H2O/O2) (H2O/CO2)

Poly(ether sulphone) 2620 10,500 – –
Polyimide 640 5,330,000 888,000 200,000
Poly(vinyl alcohol) 19 3300 800 220
Cellulose acetate 6000 24,000 6000 1600
Polysulphone 2000 8000 1300 500
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gas are 17.08%, 71.88%, 3.5% and 6.99%, respectively. The hollow
fiber membrane is selected as the representative, which is com-
posed of hollow pipes as shown in Fig. 1. The outside diameter of
the hollow fiber membrane is 1.2 mm, and the inner diameter is
0.8 mm.
5.1. Effects of material and pressure

Polysulfone, cellulose acetate and polyimide were selected as
the membrane material. The theoretical analysis are taken under
the temperature of 383.15 K, the film porosity of 0.6, the thickness
of connecting layer of 20 lm. The pressure difference is ranged 3–
15 kPa. In the calculation, assume that the pressure gradient along
the flue gas mass transfer direction distributes uniformly.

The influences of the membrane materials on the water recov-
ery under different pressure difference are illustrated in Fig. 6. It
can be obtained that the permeation of water vapor increases with
the pressure difference. During the initial period of the pressure
difference increasing, the variation of water vapor flux is not obvi-
ous due to the friction force between the gas and the membrane. It
also can be found that the membrane material has a great influence
on the flux of water vapor, especially the coating material, which
has selectivity for different flue gas components. However, the
water vapor flux under different material conditions does not sim-
ply proportional to the Henry coefficient. The reason is that the
mass transfer mechanism of the supporting layer and the connect-
ing layer is satisfied with the micro porous diffusion mechanism.
Increasing the pressure difference, the water vapor flux is more
obviously influenced by the solubility and permeability of the
material.

Nevertheless, it is not all materials with larger amount of water
vapor flux that is more suitable for engineering applications. Not
only taking into account the cost of the material, but also consider-
Fig. 6. Theoretical results of water vapor flux with pressure difference in three
kinds of membrane materials.
ing whether the quality of water vapor can meet the requirements.
As shown in Fig. 7, it can be seen that the purity of the water recy-
cled by the membrane will be reduced with the pressure differ-
ence, and also is different for different membrane materials. If
the water quality requirements are not high for industrial applica-
tions, the recovery water can be used directly. On the other hand, it
will need a chemical treatment in further if the water is used for
more demanding utilizations. At this situation, polyimide material
can better meet the requirements although its water vapor flux is
relatively lower than that of the other materials as shown in Fig. 6.
5.2. Effects of porosity

Effects of porosity are mainly reflected in the microscale diffu-
sion effect, especially the Knudsen diffusion. In this section, the
polyimide was selected as membrane material with the operating
condition of temperature of 383.15 K, pressure difference of 6 kPa
and connecting layer thickness of 200 lm. Fig. 8 shows the varia-
tion of water vapor flux through the composite membrane with
the porosity of support layer changed from 0.4 to 0.8.

As shown in Fig. 8, the porosity has significant impact on the
water vapor flux through the membrane. The flux of water vapor
increases sharply with the porosity. However, the increment of
the porosity leads to the reduction of the support performance of
membrane, and hence reduces its mechanical properties, which
affecting the service life of the membrane. Therefore suitable
porosity should be selected by the comprehensive consideration
of high water vapor flux and little loss of mechanical performance.
5.3. Effects of thickness of transition layer

The reason why the connecting layer can affect the water vapor
permeation is that the increase of the penetration length of the
membrane. Embedding rate is defined as,
Fig. 7. Theoretical results of recycled water purity with pressure difference and
membrane material.



Fig. 8. Theoretical results of water vapor flux with the porosity of support layer.
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f ¼ L2
L

ð18Þ

in which, L2 and L are the connecting layer and whole membrane
thickness, respectively. Under the premise that the total thickness,
L, is constant, Fig. 9 shows the variation of the water vapor flux
through the membrane with the embedding rate. Relatively, the
thickness of transition layer has less affect on the water recovery
than that of the porosity. However, it is found that the water vapor
flux has little increase with increasing the embedding rate, i.e., the
thickness of the transition layer. Because of the change of f, the pro-
portion of the three structures has changed. Increasing the thick-
ness of the transition layer makes the selection of the
performance increase.

Also it is found that the water vapor flux has a faster increment
while the embedding rate is below 0.15. While the embedding rate
is larger than 0.2, the growth rate of water vapor flux is relatively
slow. It is similar to the increase of porosity that the mechanical
property of the membrane can be weakened with the high embed-
ding rate. Despite of the little improvement in water recovery, it is
not favorable for a long time practical application.

5.4. Membrane material selections for practical application

The present theoretical model also can be referenced in the
selection of membrane materials, the selection of operating condi-
tions and other aspects. As for choosing membrane materials,
Fig. 9. Theoretical results of water vapor flux with embedding rate.
material selection performance, water vapor permeability,
mechanical properties, economy, operating pressure and other
conditions are important to make a decision, which belongs to
the category of multiple attribute decision making problems
[29,30].

Collecting selectivity, permeability, price and impact stress data
of six kinds of materials, such as polyimide and acetate fiber, the
water vapor flux through the membrane and gas recovery steam
percentage were calculated by using the previous model and calcu-
lation process. Under the conditions as follows, 0.6 of porosity, 10
kPa of pressure difference, 383.15 K of the exhaust flue inlet tem-
perature and 20 lm of connecting layer thickness, the results of
the six kinds of materials obtained are listed in Table 3.

According to the table an evaluation index matrix can be
obtained, and with which one can preprocess the data. The water
vapor flux and the percentage of water vapor belong to the benefit
attribution, the price belongs to the cost attribution. Due to the
impact strength and tensile strength show an inverse relationship
in most cases, the impact strength neither belongs to benefit nor
cost attribute.

The TOPSIS [31,32] was employed to make decision analysis.
The algorithm steps are as follows.

Firstly, find a standardized decision-making matrix by the
method of vector normalization. Its expression is,

gmn ¼ ymnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPs
m¼1y2mn

q ð19Þ

in which, ymn represents attribute value of rowm and column n. gmn

is the value after vector specification, and s is the number of data.
Construct weighted norm matrix H ¼ fhmng and set the weight

of row m and column n as wmn, then, the weighted standard value
is written as,

hmn ¼ wmngmn ð20Þ
Determine the positive and negative ideal solution. For the ben-

efit type attribute, the positive and negative ideal solutions are
shown as Eqs. (21) and (22), and cost attribute value represents
contrary,

hþ
n ¼ maxhmn ð21Þ

h�
n ¼ minhmn ð22Þ

in which, hn
+, hn

� are maximum and minimum values of h,
respectively.

Then, the distance between each solution to the positive and
negative ideal solution is calculated, shown as dm

+, dm
�,

respectively,

dþ
m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
n¼1

ðhmn � hþ
n Þ

2
r

ð23Þ

d�
m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
n¼1

ðhmn � h�
n Þ2

q
ð24Þ

The comprehensive evaluation index of each plan is shown as
follow,

C�
m ¼ d�

m=ðd�
m þ dþ

mÞ ð25Þ
Finally, according to Cm

⁄ which means the comprehensive evalua-
tion index, the material selection order can be obtained.

Based on Eq. (19), the value of the vector specification is listed
in Table 4.

Using entropy weight method [33] to determine the weight of
each attribution. The entropy of each evaluation index is defined
as,



Table 3
Performance of the different membrane materials.

Water vapor flux (mol/m2 s) Percentage of water vapor (%) Price (RMB¥/kg) Impact strength (kJ/m2)

1 Polyimide 0.01345 99.3049 95 28
2 Polysulfone 0.04183 98.6908 48 206
3 Acetate fiber 0.12592 99.1241 45 68
4 Polyethersulfone 0.00961 99.5904 98 78
5 Ethyl cellulose 0.02222 99.5962 62 21
6 PEEK 0.22372 99.6021 350 70

Table 4
Vector specification attribution.

g1 (y1) g2 (y2) g3 (y3) g4 (y4)

1 Polyimide 0.05142 0.40819 0.24586 0.44507
2 Polysulfone 0.15991 0.40567 0.12422 0.00000
3 Acetate fiber 0.48139 0.40745 0.11646 0.51354
4 Polyethersulfone 0.03673 0.40937 0.25363 0.48194
5 Ethyl cellulose 0.08496 0.40939 0.16046 0.20542
6 PEEK 0.85527 0.40941 0.90581 0.51354

Table 6
Positive, negative distance and queuing indication.

di
* di

0 Ci
*

1 Polyimide 0.0546 0.0350 0.3906
2 Polysulfone 0.0471 0.0420 0.4715
3 Acetate fiber 0.0252 0.0515 0.6713
4 Polyethersulfone 0.0557 0.0346 0.3836
5 Ethyl cellulose 0.0521 0.0395 0.4312
6 PEEK 0.0416 0.0554 0.5710
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Wn ¼ �
Xs
m¼1

f mn ln f mn

 !
= ln k ð26Þ

in which, Wn is the entropy value, and fmn is a dimensionless num-
ber which can be written as,

f mn ¼ ð1þ zmnÞ=
Xs
m¼1

ð1þ zmnÞ ð27Þ

The entropy weight of the index m is obtained by,

wn ¼ ð1�WnÞ= s�
Xs
n¼1

Wn

 !
ð28Þ

Due to the requirements of the various indicators are not the
same, combining the objective entropy weight method and the
subjective expert scoring method. The comprehensive weight is,

tmn ¼ kmwmPs
m¼1kmwm

ð29Þ

in which, tmn is the comprehensive weight, and k represents expert
weight.

From the datas listed in Table 4 we can obtain the entropy
weight, w = {4.5275 � 10�1, 8.3313 � 10�6, 3.6027 � 10�1,
1.8698 � 10�1}. The subjective weight is determined by the impor-
tant degree of each attribution, k = {0.3, 0.3, 0.3, 0.1}. The compre-
hensive weight vector can be then acquired as, s = {5.1722 � 10�1,
9.5177 � 10�6, 4.1157 � 10�1, 7.1201 � 10�2}

The weighted standard value can be calculated by Eq. (20), of
which the results is shown in Table 5.

The distance between each solution to the positive and negative
ideal solution is calculated, and the results are shown in Table 6. By
the value of the queue size Ci

⁄, the acetate fiber is the optimal
selection as the water recovery material under the present condi-
tions. It’s water flux is high and is much cheaper than PEEK, it
Table 5
Weighted standard value matrix.

h1 h2

1 Polyimide 7.0904 � 10�2 1.5862
2 Polysulfone 7.8221 � 10�2 1.5834
3 Acetate fiber 9.9900 � 10�2 1.5854
4 Polyethersulfone 6.9914 � 10�2 1.5875
5 Ethyl cellulose 7.3167 � 10�2 1.5876
6 PEEK 1.2511 � 10�1 1.5876
has a higher advantage in industrial applications. So acetate fiber
is suitable to recycle water vapor. If the requirements of water
vapor with high flux material and the price is not so important,
or requiring water quality to meet stringent standards, then there
will be a different choice.

6. Conclusions

The Maxwell Stefan theory was employed to model the water
vapor separation from the flue gas of lignite boiler by typical com-
posite membrane. The composite membrane was divided into
three parts including that of coating layer, connecting layer and
supporting layer. The influences of coating material, pressure dif-
ference, porosity and embedding rate value on the water vapor
mass transfer were analyzed. The following conclusions can be
obtained.

(1) Materials has large effects on water vapor mass transfer. The
material selection needs to be guaranteed higher water
vapor selectivity under the premise of larger permeability.
h3 h2

� 10�6 6.5684 � 10�2 1.2610 � 10�2

� 10�6 5.9271 � 10�2 8.7261 � 10�3

� 10�6 5.8862 � 10�2 1.3207 � 10�2

� 10�6 6.6093 � 10�2 1.2932 � 10�2

� 10�6 6.1181 � 10�2 1.0519 � 10�2

� 10�6 1.0048 � 10�1 1.3207 � 10�2
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(2) In the range of mechanical properties, pressure difference,
porosity and the embedding rate contribute to improve the
water vapor flux.

(3) Using multiple attribute decision making method, the case
study reveals that the acetate fiber is the optimal selection
as the water recovery material for potential engineering
applications, which can achieve both high water flux and
cheap cost.
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