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Poly (vinyl alcohol) (PVA) was blended with poly (acrylic acid) (PAA) to improve its 

separation performance for propylene dehumidification. In this study, molecular simulation 

was employed to investigate the effect of the PAA content on the properties and separation 

performance of the membranes. Such membrane properties as density, interaction energy 

between polymer chains, fractional free volume (FFV), and glass transition temperature (Tg) 

were analyzed with molecular dynamics (MD) simulation. The adsorption amounts and sites 

in the membranes were calculated with Grand Canonical Monte Carlo (GCMC) method. 

Diffusion process of gas molecules through membranes was also studied both qualitatively 

and quantitatively by Einstein relation. The simulation results showed that the blend 

membrane exhibits better adsorption performance but lower diffusion coefficient of 

penetrants than PVA control membrane. Furthermore, PVA control and PVA-PAA blend 

membranes were prepared experimentally. The adsorption and separation performance was 

evaluated. It was found that the changing trend of adsorption was consistent with that of 

simulation results. PVA-PAA blend membrane exhibits better separation performance and 

permeation rate than PVA control membrane. The permeation rate of gas feed firstly 

increased, and then fell down with the increase of PAA content because of the rate-
determining step changed from adsorption to diffusion.  

1 Introduction 
 
Gas membrane separation technology has been rapidly adopted 

industrially over the past few decades because it has many 

advantages over conventional separation processes (adsorption, 

absorption and cryogenic distillation) such as high selectivity, 

low energy consumption, simple process and low investment. [1-

3] In recent years, much interest has been centered on the 

development of high-performance membranes and the 

relationship between the structure and separation properties of 

polymers. [4-7] 

Propylene is a significant organic raw material in 

petrochemical industry. It should be dehumidified before 

processed into poly-propylene: the main application of 

propylene. The propylene/water gas feed was used as model 

system in the current study with the main purpose of 

developing a membrane and exploring the modification method 

to improve the separation performance. 

The gas permeation through polymeric membranes is usually 

described by the solution-diffusion model. The penetrant 

molecules firstly adsorb on the high-pressure side of the 

membrane, then diffuse through the polymeric membranes, and 

finally desorb from the surface of the low-pressure side of the 

membrane. Hence, both solubility and diffusivity contribute to 

the membrane permeability. [8] Therefore, these two processes 

were performed in this study. 

Thin film composite hollow fiber membrane was used in this 

study due to its high ratios of active surface area-to-volume, 

low resistance to gas flow, and the ability to withstand high 

trans-membrane pressure drops. [9, 10] Porous polysulfone (PS) 

hollow fiber was selected as supporting layer. Poly (vinyl 

alcohol) (PVA) was chosen as selective skin because of its 

outstanding hydrophilicity, good mechanical stability, and film 

forming properties. [11] Although PVA exhibits high separation 

selectivity, the high crystalline degree results in low 

penetrability. In order to address this problem, great efforts 

have been devoted to fabricating the PVA control membranes. 

[12-16] In this study, poly (acrylic acid) (PAA) was blended with 

PVA to improve membrane dehumidification performance 

because PAA exhibits low crystalline degree and –COOH is 

helpful for the transport of water in the membranes. 

Molecular simulation has been applied increasingly widely in 

polymer science recently. [17-22] Separation mechanism of 

penetrant molecules in polymer membranes is mainly 

determined by static structure of membranes at atomic level and 

dynamic behavior of small molecules at picosecond to 

nanosecond level. But data in this space and time scales are 

hard to obtain by experimental study. Molecular simulation is 

an effective method for researching and predicting the 

properties of polymer membranes and transport behavior of 

small penetrant molecules. In recent years, most of the research 

efforts on the simulation of membrane separation have been 

focused on the study of its free volume and diffusion coefficient. 

[23-25] 

As far as the authors know, no previous studies have been 

conducted to explore the structure-performance relationship of 

PVA-PAA blend membranes for propylene and water 

separation by combining simulation method and experimental 
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method. In the current research, the atomistic models of the 

PVA control and PVA-PAA blend membranes with various 

blend ratios were constructed and optimized. The properties of 

membranes were analyzed, such as density, interaction energy, 

fractional free volume (FFV), and glass transition temperature 

(Tg) by MD calculation. Then both GCMC and MD simulation 

were applied to analyze the effects of adsorption and diffusion 

processes of gas molecules in membranes with different PAA 

contents on membrane properties, respectively. Meanwhile, 

PVA/PS and PVA-PAA/PS hollow fiber composite membranes 

were prepared and their performance was evaluated 

experimentally to explore structure-performance relationship. 

 

2 Details of the simulation 

The simulations were carried out using molecular simulation 

software for material science, Materials Studio version 4.2, 

designed by Accelrys, Inc. 

In this study, the Polymer Consistent Force Field (PCFF) 
[26-28] was chosen to calculate interatomic interaction in this 

study.  

Energy minimization was implemented using smart 

minimizer method. It starts with steepest-decent to conjugated 

gradient and then to the Newton-Raphson method as the energy 

derivative decreases in order to speed up the computation. This 

protocol ensures the energy minimization starts with faster 

convergence and ends up with higher accuracy. For all dynamics 

runs, the Andersen method [29] was used for temperature control and 

the Berendsen method [30] for pressure control. A cutoff distance of 

9.5 Å, a spline width of 1.0 Å and a buffer width of 0.5 Å were used 

for all the dynamics runs. The time step was set as 1 fs. The non-

bonded energy term was calculated within cut-off distance. Long 

range coulomb interactions were calculated by the Ewald sum 

method. 

In our present work, the initial atactic PVA chain was 

consisted of 200 repetitious units with a 50:50 probability for 

the occurrence of cis and trans configurations. The packing 

model contained one energetically minimized PVA chain based 

on three-dimensional periodic boundary condition and the 

packing density was determined from the experimental bulk 

density of 1.26 g/cm3. [31] Correspondingly, PAA chain was  

consisted of 25 repetitious units. The charge groups of PVA 

and PAA used in this study were CH, CH2, OH, and COOH. 

The configurations of the two chains were shown in Fig. 1. 

 

 
Fig. 1 The configurations of PVA and PAA polymer chains 

In order to investigate the effect of PVA and PAA with 

different blend ratios on membrane structure and performance, 

the other four models were also built which contained one PVA 

chain and 2, 4, 6, and 7 PAA chains, respectively. Ratios by 

weight of PVA to PAA in these four cells were 1:0.4, 1:0.8, 

1:1.2, and 1:1.4 and PAA contents were 28.57 wt.%, 44.44 

wt.%, 54.55 wt.%, and 58.33 wt.%, respectively. The cells were 

represented by PVAPAA40, PVAPAA80, PVAPAA120, and 

PVAPAA140, respectively. 

For each of the five membranes, ten independent cells were 

built and the one with the lowest total energy was chosen for 

the next calculation. Each of the initial constructed atomistic 

structures was subjected to the following simulation procedures. 

Energy minimization was run to eliminate excess overlaps of 

atoms by smart minimizer method until the maximum energy 

deviation was less than 0.001kcal/mol. Afterwards, a 50 ps 

dynamics simulation with NVT （T=300K ）ensemble and 50 

ps simulation with NPT（T=300K, P=1.01×105Pa） ensemble 

were preliminarily performed to optimize the system energy 

and configuration. It was generally believed that the system 

reached equilibrium when parameters such as energy and 

temperature fluctuated within the range of 5%. The calculation 

examples are showed in Fig. 2 and Fig.3. 
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Fig. 2 Potential energy and non-bond energy over simulation 
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Fig. 3 Temperature over simulation time 

 

In addition, annealing protocol simulation was used to 

further optimize the membrane structure. The temperature 

increased at intervals of 50 K from 300 K to 600 K and at each 

temperature step 100 ps NPT ensemble dynamics run was 

performed. Then the temperature decreased to 300 K at 

intervals of 20K and 250 ps NPT run was performed at each 

step. After subjected to high temperature to relax the structure, 

the cells became more stable than before. Finally, 500 ps NPT 

and 500 ps NVT dynamics simulations were performed. 

Atomic coordinates and velocities information was recorded 

every 1 ps for analyzing the properties of membranes. The five 

optimized membrane cells were presented in Fig. 4. 

Page 2 of 11Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

 
Fig. 4 Optimized models of PVA control and PVA-PAA blend 

membranes 

 

In order to verify the accuracy of the selected force field 

and simulation parameters, the calculated density and solubility 

parameter values of PVA control membrane were compared 

with the experimental results. The reported experimental 

density of PVA was 1.26 g/cm3, [31] while our calculation gave a 

value of 1.2096 g/cm3. The experimental and calculated 

solubility parameter were 25.8 and 23.591 (J·cm-3)1/2, 

respectively. The relative deviation for density and solubility 

parameter were 4.00% and 8.56%, respectively. Such an 

agreement validated the modeling parameters together with the 

optimization procedures. 

 

3 Simulation results and discussion 

 
3.1. Calculation of density properties 

 

After optimization, the densities of these membrane models 

were calculated and the results were 1.2096, 1.2276, 1.2689, 

1.2949 and 1.3034 g/cm3 in PVA, PVAPAA40, PVAPAA80, 

PVAPAA120, PVAPAA140, respectively. The calculated 

results indicated the polymer chains of membranes became 

denser. 

 

3.2. Calculation of interaction energy 

 

The interaction energy E∆  between PVA and PAA polymer 

chains plays a crucial role in determining the membranes
,
 

compatibility and can be calculated as follows: [23, 32-33]  

PVA-PAA PVA PAA( )E E E E∆ = − +                          (1) 

Where EPVA-PAA is the potential energy of the optimized 

membranes, EPVA and EPAA are the potential energies of 

individual PVA and PAA polymer chains, respectively. The 

calculation is based on PCFF force field. The total energy 

( totalE ) consists of non-bond energy ( non-bondE  ) and intra-

molecule energy （ intra-moleculeE ）. non-bondE  consists of van 

der Waals energy （ vdWE ）  and coulomb energy

（ coulombE ）, in which hydrogen bond energy is included. 

total non-bond intra-moleculeE E E= +                                            (2) 

non-bond vdW coulcombE E E= +                                        (3) 

The interaction energy between PVA and PAA was 

calculated and the results are listed in Table.1.

Table 1 Calculated interaction energy between PVA and PAA in each blend membrane 

△E（kJ/mol） PVAPAA40 PVAPAA80 PVAPAA120 PVAPAA140 

△ETotal －3273.07 －4519.12 －6199.65 －5686.85 

△ENon-bond －3049.02 －4160.22 －5748.25 －6423.64 

△EVdw －1674.88 －2346.65 －3425.89 －3785.93 

△ECoulomb －1374.18 －1813.62 －2342.10 －2637.71 

 

The values of E∆  are all negative, indicating that the 

interaction force between PVA and PAA polymer chains is 

attractive. With the increase of PAA content, non-bondE∆ ,

vdWE∆ , and coulombE∆  all increase, which indicates the 

interaction force between PVA and PAA polymer chains is 

enhanced. Such results are mainly attributed to two reasons: 

first, the attractive force shortens the distance between polymer 

chains; second, a large number of –COOH of PAA can form 

hydrogen bonds with the –OH of PVA and these hydrogen 

bonds enhance the interaction. 

As shown in Table.1, totalE∆  firstly increases and then 

decreases, and the maximum value appears in membrane  

PVAPAA120. Both non-bondE∆  and intra-moleculeE∆  contribute 

to the change of totalE∆ . In membrane PVAPAA140, the 

decreases of intra-moleculeE∆  becomes the dominant factor which 

leads to such phenomenon. 

 

3.3. Calculation of free volume properties 

 

Free volume plays an important role in the transport behavior of 

penetrant molecules in the membranes. Although some 

experimental methods, such as positron annihilation lifetime 

spectroscopy (PALS) and the photochromy method, can be 

applied to conduct the variances in free volume of membranes 

experimentally, the techniques are laborious and can’t clearly 

offer the details about the free volume holes, such as the size, 
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size distribution, and morphology. Accurate molecular 

simulation may solve the problems through systematic free 

volume characterization. [22] 

In this study, the free volume situation of equilibrated PVA 

control and PVA-PAA blend membranes was analyzed using 

“Connolly surface” [34] method as shown in Fig. 5. 

 

 
Fig. 5 Schematic diagram for calculating free volume 

The atoms of membranes are represented by hard spheres 

with van der Waals radius (C, 1.55 Å; H, 1.10 Å; O, 1.35 Å). The 

fraction of free volume of the PVA control membrane and the 

equilibrated blend membranes is determined by the radius RP of 

a hard spherical probe. The Connolly surface is calculated when 

the probe molecule rolls over the van der Waals surface, and 

free volume is defined as the volume on the side of the 

Connolly surface without atoms. The FFV is obtained from the 

ratio of free volume to the total of the model. It should be 

mentioned that the free volume excludes the volume which is 

unaccessible by the probe. Since small free volume holes make 

no big difference to the properties of membranes, accessible 

free volume holes to penetrant molecules should be more 

accurate to be in relation to the diffusion properties of the 

membranes. In this study, the penetrant molecules, water and 

propylene, were selected as probe molecules which were 

modeled by spheres with radius of 1.30 Å and 2.35 Å. 

 

Table 2 Free volume properties of PVA control and PVA-PAA blend membranes 

Radius (Å) PVA PVAPAA40 PVAPAA80 PVAPAA120 PVAPAA140 

1.30 8.32 5.85 4.98 4.42 4.37 

2.35 0.71 0.27 0.25 0.23 0.14 

 

From FFV results obtained by each probe molecule in Table. 

2, FFV decreases as PAA content in membranes increases due 

to the enhancement of the interactional attractive force which 

shortens the distance between polymer chains. Accordingly, the 

density becomes larger and FFV decreases, correspondingly.  

Fig. 6 and Fig. 7 show the Connolly volume morphology in 

membranes, and the blue and white colors indicate the 

accessible volumes. It can be seen that the FFV obtained by 

hard spherical probe depends strongly on the size of probe. It 

clearly indicates that the FFV decreases as the probe size 

increases. From Fig. 6 and Fig. 7, we can see that the dispersion 

of free volume holes which accessible to water are much denser 

than those holes that accessible to propylene in blend 

membranes. It indicates that the dense free volume holes 

provide a favorable pathway for diffusion of water. Thus, free 

volume holes that are smaller than water volume did not make 

considerable contributions to transport property of the 

membranes. Therefore, the accessible free volume holes for 

penetrant molecules should be the major concern. [23] Most of 

free volume holes were created by inefficient chain packing or 

transient gaps caused by chain rearrangement due to their 

thermal motion. As shown in Fig. 7, stronger interaction 

between chains of PAA and PVA resulted in considerable 

decrease of the size of free volume holes. 

 

 

 

 

 
Fig. 6 Simulation of free volume morphology of PVA and 

PVA-PAA probed by H2O 
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Fig. 7 Simulation of free volume morphology of PVA and 

PVA-PAA probed by C3H6 

 

3.4. Calculation of Tg properties 

 
Tg (Glass transition temperature) as a significant property to 

characterize the mobility or flexibility of polymer chains which 

can be obtained easily by both molecular simulation and 

experimental measurements. In this study, Tg was estimated 

based on the NPT (P=1.01×105 Pa) ensemble condition and in a 

stepwise of annealing process. [18] The cell equilibrated at 300 K 

was heated to 600 K with an interval of 50 K. At each 

temperature step, 100 ps of NPT dynamics run was performed 

on the cell to reach equilibrium. The cell was then cooled by 20 

K each time to 100 K and 250 ps NPT run was performed at 

each step. The first 150 ps dynamics run was used to equilibrate 

the structure of the cell and the last 100 ps run was used to 

determine the specific volume. Specific volumes obtained from 

NPT dynamics for each model were plotted over temperature. 

The Tgs of those models were determined from the intersection 

points of the rubbery and glass phase lines.  

 

 
Fig. 8 Tg simulation of PVA control and PVA-PAA blend 

membranes 

 

Fig. 8 illustrates the temperature dependence of the specific 

volume of different amorphous models. Fig. 9 compares the Tgs 

of PVA control and PVA-PAA blend membranes. The Tg of 

PVA control membrane is 332 K, which agrees well with the 

experimental value of 341.45K. [35] It can be seen that the Tgs 

follow the order of 

PVA<PVAPAA40<PVAPAA80<PVAPAA120<PVAPAA140, 

and hence polymer chain mobility follows the order of 

PVA>PVAPAA40>PVAPAA80>PVAPAA120> PVAPAA140 

which is consistent well with the results obtained from analysis 

of interaction energy and FFV. Higher interaction energy 

compresses the polymer to higher density, reduces its free 

volume, and hence limits chain motion to some extent. Lower 

chain polymer mobility of blend membranes is not conductive 

to diffusion process of small penetrants. But higher chain 

stiffness permits higher selectivity of diffusion. Because there 

are additional inter-chain interactions, and more energy is 

necessary to overcome attractive forces between chains [21]. 
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3.5. Calculation of adsorption process  

The study of adsorption in this work was carried out by the 

Sorption module in Materials Studio software. The widely used 
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Grand Canonical Monte Carlo (GCMC) method in adsorption 

simulation was utilized. [8,18,19] 

The simulation was conducted at a fixed pressure of 350 kPa. 

In the constant pressure simulation, the configurations were 

sampled from a GC ensemble. The amount and properties of 

the adsorbed gas molecules in the regions of the polymer matrix 

were calculated by statistical sampling of molecular 

configurations at constant µ, V and T. The Metropolis method 
[36] was employed, in which the trial configurations were 

generated without bias and the adsorbate structure was treated 

as rigid. The GCMC calculations were therefore carried out 

over a single configurational “snapshot” of the polymer system 
[37]. 

The calculation results are shown in Table. 3. The adsorption 

percentage 
S

C  is the mass ratio of adsorbed molecules to the 

whole model cell. According to the figures, the more PAA 

content is contained in the membrane, the more adsorption 

percentage is. The adsorption amounts of water molecules are 3, 

5, 7, 9, and 11 in PVA, PVAPAA40, PVAPAA80, 

PVAPAA120, and PVAPAA140, respectively. The propylene 

adsorption amount is always 0. According to the amounts, the 

adsorbed molecules are inserted into the membranes at the 

calculation adsorption positions which are shown in Fig. 10 

 

 
Fig .10 Adsorption models of membrane cells with penetrant 

molecules 

 

It can be clearly seen from Fig. 10 that blend modification 

to PVA membrane is more favorable for water adsorption. It is 

probably due to the increase of hydrogen bonds between water 

and –COOH of PAA as PAA content increases. Since the 

interaction between carboxyl of PAA with water is stronger 

than hydroxyl of PVA, and thus the interaction between the 

blend membranes and water would increase, and enhanced the 

water uptake naturally.

 

Table 3. The effect of PAA content on adsorption percentage of penetrant molecules in PVA and PVA-PAA membranes 

 PVA PVAPAA40 PVAPAA80 PVAPAA120 PVAPAA140 

CS (wt.%) 0.613 0.729 0.794 0.836 0.936 

 

3.6. Calculation of diffusion process 

 

The movement of penetrant molecules through the polymer is 

usually characterized both qualitatively and quantitatively. The 

thermal vibrations of the polymer chain segments from time to 

time permit the formation of temporary channels between 

adjacent voids. These connections can be utilized under suitable 

conditions for jumps of a penetrant particle from one hole to a 

neighboring one. [24] 

When the condition of an infinitely dilute adsorbate was 

adopted, only one water molecule was inserted to the optimized 

PVA membrane model. The intermolecular interactions may be 

neglected when the number of adsorbate molecules is small. [25] 

The system was subjected to energy minimization and followed 

by 500 ps NVT and 500 ps NPT MD simulation. 2000 ps NVE 

ensemble dynamics was then applied by recording all results to 

analyze the properties. The self-diffusion coefficient was 

calculated as follows: 

 

2

S

1
lim ( ) (0)

6t
D r t r

t→∞
= −

r r
                                             (4) 

Where 
S

D  is the self-diffusion coefficient of the molecule, 

(0)r
r

 is the initial position vector, ( )r t
r

 is its position vector at 

time t, and 
2

( ) (0)r t r−
r r

 is the MSD. 

The time courses of the MSD in the first 200 ps were 

recorded to analyze the mechanism of small molecule diffusion 

in the membrane qualitatively. As illustrated in Fig. 11, three 

types of movement of water molecule in the membrane can be 

clearly seen: [18] first, the initial raise of the plot represents 

diffusion through channels; second, the intermediate section 

represents jumping back from one void to another; and the third 

section represents the penetrant trapped in a void. It should be 

mentioned that the back “jump” exists, but only the forth “jump” 

contributes to and facilitates the diffusion process. 
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Fig. 11 MSD trajectory and motions of small molecules in 

membranes 

 

In order to further study the diffusion behavior of the 

penetrant molecules in the membranes with different ratios of 

PAA to PVA, penetrant molecules (only water molecules were 

adsorbed) were inserted into the models of membranes 

according to the adsorption amount at the calculation positions. 

The systems were initially allowed to equilibrate by energy 

minimization and followed by 500 ps NVT and 500 ps NPT 

MD simulation. The final systems were subjected to another 

2000 ps NVE dynamics by recording all results. The time step 

was set as 1 fs. Atomic coordinates and velocities information 

were recorded every 1000 steps (1 ps) during dynamics for later 

analysis. The mean-square displacement (MSD) obtained from 

the simulations was used to analyze the diffusion 

coefficients by the Einstein equation: 

2

1

1 d
lim ( ) (0)

6 d

N

i ii
t

i

D r t r
t→∞

=

= −∑
r r

                         (5) 

Where 
i

D  is the diffusion coefficient of  i penetrant, (0)ir
r

 is 

its initial position vector, ( )ir t
r

 is its position vector at time t, 

and 
2

( ) (0)i ir t r−
r r

 is the MSD of i penetrant. The diffusion 

coefficient was the average value of all penetrant molecules. 

Fig. 12 shows the diffusion coefficient of water molecules 

in the membrane. It can be seen that 2000 ps is long enough for 

this system to calculate the diffusion coefficient. 
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Fig. 12 The diffusion coefficient of water molecules in the 

membrane 

 

Table 4. The diffusion coefficients of water in PVA control and PVA-PAA blend membranes 

 PVA    PVAPAA40 PVAPAA80 PVAPAA120 PVAPAA140 

DH2O(×10-11m2/s) 16.33 10.50 6.83 6.17 4.99 

Table. 4 shows the changing trend of diffusion coefficient as a 

function of PAA content in membranes. The diffusion coefficient of 

PVA control membrane is larger than that of PVA-PAA blend 

membrane and follows the order of 

PVA>PVAPAA40>PVAPAA80>PVAPAA120>PVAPAA140. The 

diffusion of water in the membranes is strongly dependent on the 

free volume, the chain mobility and polymer-water interactions. The 

size, distribution and connectivity of free volume holes voids would 

all influence the penetrant diffusion. The higher of the FFV is, the 

more accessible holes there are for the penetrant to diffuse in the 

membranes. When there are plenty of free volume holes in the 

membranes, the penetrant molecules need shorter path jumping from 

one hole to the neighbouring ones. The diffusion coefficients is 

correlated to the FFV, As shown in Fig. 13, diffusion coefficients 

have an exponential relation to 1/FFV, which agrees well with the 

commonly employed free volume theory. [32, 38] 

 log
FFV

i

i

B
D A= −                                           (6) 

Where A and B are constants for certain penetrants. 
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Fig. 13 Correlation between log D and 1/FFV 

 

As analyzed above, the FFV and chain mobility becomes 

poorer as PAA content in membranes increases, which doesn’t 

facilitate the transfer of small molecules. Lower FFV provides 

smaller free volume holes which water molecule could “jump” 

to. And higher stiff of polymer chains indicates the channels 

that small molecules diffuse in are not flexible to form and 

close. 

The simulation results show blend modification is helpful to 

improve separation factors of membranes for propylene and 

water system. And blend modification enhances affinity 

between water and membranes, which is favorable for 

permeation rate. But the permeation rate is influenced by 

adsorption and diffusion processes, and there might be an 

appropriate value of blend ratio of PVA to PAA. 

4. Experiment 
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4.1 Preparation of hollow fiber composite membranes 

 

In the following experiment, hollow fiber composite 

membranes were utilized. Polysulfone (PS) hollow fiber with 

molecular weight cut off 30,000 (from Tianjin Motian 

Membrane Engineering and Technology Co., Ltd) PVA (from 

Tianjin Yuanli Chemical Company in China, polymerization 

degree of 1750 ± 50, 99+% hydrolyzed) was dissolved in 

distilled water at 363 K and stirred for about 1 h to obtain 5 wt. 

% solutions, and then cooled to room temperature. Certain 

amount of PAA (molecular weight 5000 Dalton, from 

Shandong Taihe Water Treatment Co., Ltd.) was added into 

PVA solutions according to the blend ratios used in the 

molecular simulation. Then PS base membranes with the 

glycerol coating already removed were soaked into the 

solutions and hung to dry for about 2 h at room temperature. 

The hollow fiber composite membranes were spread twice and 

hung upside down to ensure the thickness of active layer was 

uniform. Six hollow fiber composite membranes were installed 

into the membrane module. The effective surface area in 
contact with gas feed in this membrane module was 16.24 cm2. 

 

4.2. Adsorption experiment 

 

A certain mass (m0) of hollow fiber membranes was weighed 

out and subjected to vacuum drying. Then gas feed with a 

humidity of 0.6 wt.% blew through the membranes in a sealed 

container for 24 h. The membranes were taken out and the mass 

changed to mt. The adsorption percentage CE was calculated as 

follows: 

 
0

E

0

100%tm m
C

m

−
×＝                                         (7)  

As shown in Fig. 14, the adsorption amount of small 

molecules in membranes becomes larger as PAA content 

increases. We attributed the results to the strongly hydrophilic 

characteristic of blend membranes with more PAA incorporated 

into PVA and form hydrogen bonds between –COOH of PAA 

and H2O and thus promotes adsorption of water. 
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Fig. 14 Effect of PAA content on adsorption amounts of 

penetrant molecules 

 

4.3. Gas separation performance tests 

 

The humidity of water/propylene gas feed was 0.6 wt.%. A feed 

pressure of 350 kPa was applied to the shell side of the fibers, and 

the permeation side was swept by highly pure nitrogen (99.999+% 

pure) and the pressure was maintained at about 180kPa. The 

operation temperature was 298 K. The flowing rates of gas feed and 

nitrogen were 200 and 100 cm3 (STP)/min, respectively. The 

compositions of the feed and permeate were measured by using 

Agilent 6820 (USA) gas chromatography with a TCD detector. The 

separation performance of the membranes was evaluated by two 

parameters: permeation rate (P/l)i and separation factor αi/j.  

( )
QP i

i P Al
i

=
∆ ⋅

                                                                     (8) 

2

2 3 6

3 6

H O

H O/C H

C H

( / )

( / )

P l

P l
α =                                                       (9) 

Where Qi is the volume flow rate of i gas at standard 

temperature and pressure (STP), ∆Pi is the trans-membrane 

pressure difference, and A is the membrane active surface area. 

Permeance is expressed in gas permeation units, GPU 

(1GPU=10-6cm3(STP)cm-2s-1cmHg-1). 

The effect of PAA content on the membrane permeation rate 

is investigated and the results are shown in Fig. 15. Just as 

expected, the permeation rates of the blend membranes are 

larger than those of PVA control membrane (153.41 GPU),. 

Permeation rates of PVAPAA increase initially with PAA 

content (from 0 to 54.55wt. %) in the blend membranes and 

reached the maximum value of 322.6 GPU when the PAA 

content is 54.55wt.%, and then decrease with further 

introduction of PAA into the blend membranes. From 

molecular simulation perspective, the adsorption amount 

increases, but the diffusion coefficient of water molecules 

becomes smaller as PAA content increases in the membranes. 

According to the well-known adsorption-diffusion mass 

transfer mechanism, permeation rate is influenced by both 

adsorption and diffusion processes of penetrants. Adsorption 

process plays a dominant role when PAA content is lower than 

54.55%, while diffusion process seems to become the dominant 

factor when PAA content is higher than 54.55%. These 

explains the phenomenon that the permeation rate decreases 

and PVAPAA120 exhibits the largest permeation rate.  
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Fig. 15 Effect of PAA content on gas permeation rate through 

membranes  

The separation factor is also an important parameter to evaluate 

the membrane performance. In this study, the separation factor of 

PVA control membrane was 25202. For PVA-PAA blend 

membranes, propylene could not be detected in the permeation side 

so the separation factor was extremely large (as for blend 

membranes, the permeation rate gas feed is permeation rate of water) 

Through microcosmic perspective, higher packing density, lower 

free volume holes, and higher stiff of polymer chains naturally 

caused higher selectivity. In addition, hydrogen bonds between water 

molecules and the polymer chains could be formed in this material, 

which also increased interaction and, hence, the selectivity. [20] 

5. Conclusions 
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Both molecular simulation and experimental study methods were 

employed to investigate the effects of blend modification and 

different blend ratios of PAA to PVA on the membrane structural 

morphology and separation performance for water/propylene system. 

The simulation results showed that with the content of PAA 

increasing, the membrane density increases, the attractive force 

between polymer chains becomes stronger, fractional free volume of 

membranes decreases and glass transition temperature becomes 

larger. Through the calculation of adsorption and diffusion of 

propylene and water in membranes, it was observed that more PAA 

was contained in the membrane, and more penetrants were adsorbed. 

The diffusion coefficients were smaller in the membrane with higher 

PAA content which was due to the lower FFV and chain mobility. It 

was also observed that diffusion coefficients had an exponential 

relation to 1/FFV. 

Meanwhile, PVA/PS and PVA-PAA/PS hollow fiber composite 

membranes were prepared and the performances were evaluated 

experimentally. The results showed the adsorption amount of gas 

feed in membranes became larger, and the permeation rate of gas 

feed firstly increased, and then fell down with the increase of PAA 

content in the membranes. It was noted that the maximum 

permeation rate appeared at the membrane with the PVA/PAA ratio 

of 1:1.2. Permeation rate increased from 153.41 GPU of PVA 

control membrane to 322.60 GPU. From microcosmic perspective, it 

this is because the adsorption process plays a dominant role when 

PAA content is low while the diffusion process plays a dominant 

role when PAA content is high. The separation factor increases from 

25202 to infinity. 

The results showed that PVA-PAA blend membranes 

exhibited better performance than PVA control membrane. The 

calculation results agree well with experimental results. It 

indicates that molecular simulation method had high value in 

analyzing microscopic properties of membranes, exploring 

affinity between gas and membrane, and predicting permeation 

rate and separation factor. 

 

 

Nomenclature 

A    Surface area of membranes, m2 

αi/j    Separation factor 

E
C    Adsorption percentage of experiment, % 

S
C    Adsorption percentage of molecular simulation, % 

S
D    Self-diffusion coefficient, m2/s 

i
D    Diffusion coefficient of i penetrant, m2/s 

E∆    Interaction energy, kJ/mol 

total
E    Total energy, kJ/mol 

non-bond
E   Non-bond energy, kJ/mol 

vdW
E    Van der Waal energy, kJ/mol 

coulomb
E    Coulomb energy, kJ/mol 

PVA-PAA
E    Potential energy of the PVA-PAA blend membrane, 

kJ/mol 

PVA
E    Potential energy of the optimized PVA polymer 

chain, kJ/mol 

PAA
E    Potential energy of the optimized PAA polymer 

chain, kJ/mol 

FFV   Fraction of the free volume, % 

MSD   Mean-square Displacement, Å 2 

P    Pressure, Pa 

(P/l)i   Permeation rate of i penetrant, GPU 

Rp    Radius of the probe molecular, Å 

( )
i

r t    Positions of atom i at time t 

(0)
i

r    Positions of atom i at time 0 

T    Temperature, K 

Tg    Glass transition temperature 

t    Time, ps 
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� Colour graphic:  

 

    

 

    a)PVA                                   b)PAA 

 

� Highlight：：：：PVA-PAA blend membranes exhibited better separation performance for 
propylene dehumidification and they were analyzed by simulation and experiment. 
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