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ABSTRACT: In this study, a new method was developed for the characterization of the interface

morphology in polymer/particle composites. This method, not limited to a specific polymer or 

particle, utilizes the gas permeability of the composites to determine the interfacial properties such 

as the type of polymer-particle interactions as well as the thickness and the transport properties of 

the interphase. Moreover, it can be employed to determine the size of the aggregates in the case of 

particle aggregation. The proposed method was evaluated by comparing its results with the 
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findings of the small-angle X-ray scattering (SAXS) analysis for polyethersulfone (PES)-based 

composites containing pristine and modified silica nanoparticles. Our method was also evaluated 

by analyzing the results of other studies obtained from the literature. 

1. INTRODUCTION

Incorporation of inorganic particles into polymers has attracted a great attention over the past 

years. Inorganic particles produce a significant enhancement in conductivity, mechanical 

properties, thermal stability, and generally in the physical properties of polymers1-3. Additionally, 

inorganic particles have gained an extensive interest for application in gas separation membranes, 

because, when dispersed in polymers, they can produce interesting synergistic gas transport 

properties4-6.

The presence of polymer-particle interactions in composite materials can lead to the formation of 

an interfacial layer between them4, 7, 8. In mixed-matrix membranes (MMMs), formation of this 

phase can directly influence the gas permeability and selectivity, as well as the mechanical and 

physical properties of these materials9, 10. In other words, the interfacial interactions would affect 

the polymer chain arrangement around the inorganic particles within the dense membrane what 

inforce an effect on the molecule transport in the membrane11, 12. Therefore, studying the interfacial 

morphology of the polymer/particle composites can provide a deeper insight into their final 

properties 13. Generally, polymer chain dilution and rigidification are two possible scenarios in the 

polymer-particle interfacial region14-18. Additionally, in either of the mentioned cases, if the 

particles are porous, partial or total pore blockage may occur, before, during, or after the 

preparation of polymeric composites. This may be caused by polymer chains, coupling agents, 

solvents, or any other contaminants2, 6, 19. Characterization of the interphase is crucial for 
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determining and predicting the physical properties of polymer/particle composites. Several 

characterization techniques have been employed for this purpose, including scanning electron 

microscopy (SEM)4, transmission electron microscopy (TEM)20, 21, atomic force microscopy

(AFM), X-ray diffraction (XRD)22, thermogravimetric analysis (TGA)23, differential scanning 

calorimetry (DSC)24, dynamic mechanical thermal analysis (DMTA), small-angle X-ray scattering 

(SAXS)25-27, and positron annihilation lifetime spectroscopy (PALS)1. However, these methods

can only provide qualitative information on the interphase physical properties, while only a few of 

them such as SAXS, TEM and DMTA can be applied to determine the interphase thickness under 

limited circumstances. PALS, for instance, has been used to quantify the free volume in polymer 

or MMMs, resulting difficult to distinguish the interfacial void of particle/polymer and spacing 

between polymer chains28.

The importance of the interphase has also been highlighted in the modeling studies for the 

prediction of the effective properties of composites29-34. The physical models developed for this 

purpose provide an excellent means for studying the effect of interphase characteristics on the 

overall properties of composites. In these models, the effective properties of a composite are 

defined as a function of the effective properties of its constituents as well as their volume fraction 

in the system. In most of these studies, the interphase thickness and the interphase effective 

properties are unknown, and these parameters are treated as adjustable parameters in the mentioned 

models. Since the purpose of most studies in this field is to predict the effective properties of the 

composites, at least one of these adjustable parameters are often chosen arbitrarily to produce the 

best model fit to the experimental results, without considering the validity of the chosen value(s).

In the current study, we have developed a new method for the characterization of the interphase in 

polymer/particle composites utilizing the mentioned permeability predictive models. For this 
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purpose, a thin film of the composite as a MMM must be prepared as like as the base composite 

has been prepared and its gas permeation properties measured. The validity of the proposed method

is evaluated against the results obtained from SAXS analysis for PES/silica MMMs. Besides, for 

testing our method on other systems, the data obtained by other researchers were analyzed by our 

method and the results were compared to their own analysis results.

2. EXPERIMENTAL SECTION

2.1. Materials. Polyethersulfone (PES) Ultrason E6020 (Mw=58,000 g/mol, density=1.3 g/cm3) 

was purchased from BASF, Germany. Dimethylformamide (DMF) (Purity ) was 

purchased from Merck, Germany. Silica (density=2.2 g/cm3), and silica nanoparticles modified by 

octylsilane (OS) and polydimethylsiloxane (PDMS) were purchased form PlasmaChem GmbH, 

Germany. 

2.2. Film/Membrane Preparation. Solvent evaporation method was employed for the

preparation of the membranes. Accordingly, first, SiO2 nanoparticles were added to DMF at 

ambient temperature, and stirred vigorously for 1 h. Then, the dispersion was sonicated for 30 min. 

After that, PES was gradually added to the sonicated dispersion and stirred at 85 for 1 h until it 

was completely dissolved and a clear solution was obtained. The clear solutions were subsequently 

sonicated for 15 min and cast onto glass Petri-dishes. The Petri-dishes were placed in a drafted 

oven at 75 overnight. Afterward, they were placed in a vacuum oven at 75 for 12 h to remove 

the residual solvent. The samples were carefully removed from the Petri-dishes at room 

temperature, and their thickness was measured by a Verniet-Caliper micrometer.

2.3. Film/Membrane Characterization. Constant-volume method was employed to measure the 

gas permeability of O2 and N2, as fully-described elsewhere35. Briefly, the upstream of the 
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membrane was exposed to the pure test gas while the downstream was initially brought to 0.0 mbar 

(abs). The downstream pressure was measured using a vacuum pressure sensor and was registered 

on a desktop computer as a function of time. The steady-state section of the pressure ( ) vs. time 

( ) plot was subsequently employed to calculate the permeability, P (

) of each gas through each sample as:

(1) 

where, l (cm) is the membrane thickness, (cmHg), the upstream gas pressure, T (K), the gas 

temperature, and A ( ), the sample surface area. All of the permeability measurements were 

performed at 25 and the upstream pressure of 6 bar.

Small-angle X-ray scattering (SAXS) experiments were performed at room temperature (25 )

using a Philips PANalytical MRD ProXL SAXS instrument equipped with a slit collimation 

system with a Cu-K X-ray source ( = 1.54 ) at Sharif University of Technology. The scattering 

data were corrected for the instrument background and the thickness of the samples, and were 

subsequently desmeared using Schmidt’s method with infinite slit length assumption36-38.

Field-emission scanning electron microscopy (FE-SEM) experiments were performed using a 

TESCAN MIRA3 microscope at Aria Electron Optic Co., Tehran, Iran. Moreover, the elemental 

mappings of the membranes were obtained using this instrument which was equipped with energy 

dispersive X-ray (EDX) spectrometer. All of the samples were gold-sputtered prior to the FE-SEM 

experiments.

3. METHODOLOGY
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The characteristics of the interphase including the morphology, the thickness, and the effective 

permeability, are obtained using a five-step algorithm as follows:

Step A: In this step, the permeability of each test gas is measured in its pure form at a constant 

temperature and pressure through the MMM sample ( ), the neat polymer ( ), and the porous 

particles ( ) (if applicable).

Step B: In the second step, the permeability of the test gases are calculated using a non-ideal model 

for , and , respectively. is the permeability reduction 

factor of the affected particles by blockage, the interface thickness, and the permeability 

correction factor of the interface. and are the maximum polymer-particle interphase

thickness, and the maximum permeability correction factor, respectively.

In this step should be considered large enough to observe the global minimum in the 

vs. plot (described in Step C). For most systems ( =radius of 

gyration of the polymer matrix) can be a safe value39.

Since the maximum effective permeability of the MMMs is achieved in a parallel arrangement of 

the matrix and dispersed phases 2, the value of for each gas is calculated using the pseudo-

two-phase parallel model. The permeability of the pseudo-dispersed phase (particles encapsulated 

by the interfacial layer) is calculated as follows:

(2) 

(3) 
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(4) 

In which subscript refers to gas . In the case of porous particles, to obtain the maximum possible 

, it is assumed that the particle pores are completely blocked; therefore: , in Eq. (2).

The effective permeability of the whole MMM is also calculated by applying the parallel model 

again:

(5) 

(6) 

It should be noted that the value of used in Eq. (5) is equal to the experimental permeability 

obtained in the previous step. Additionally, Monte-Carlo and molecular dynamics simulations 

revealed that, the changes in chain dynamics and conformation occur within a thickness roughly 

equal to one bead diameter of the polymer chain40, 41. Therefore, for obtaining the maximum 

possible , the thickness of the interface is assumed to be equal to one bead diameter, , of the 

polymer chain. 

After calculating and , the permeability of the MMM for , , 

and is calculated, followed by the calculation of the corresponding absolute relative 

error ( ) for gas and each values of , and :

(7) 

Next, for each gas, optimum values of and corresponding to each value of is determined 

based on the global minimum of in the range .
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Step C: In this step, average absolute relative error ( ) is calculated as: 

(8) 

In which is the number of the studied gasses.

As illustrated in Figure 1, the global minimum observed in the plot of vs. (

) corresponds to the optimum interphase thickness ( ).

Step D: In this step, the optimum values of and corresponding to the value of are 

determined for each gas from the calculated data of the previous step. 

If , the interphase is consisted of a rigidified chain layer, otherwise ( ) it is 

consisted of a diluted chain layer. 

Step E: Depending on the size and volume fraction of the particles, the maximum interphase 

thickness may be limited by the packing of the particles. As the volume fraction of the particles 

increases beyond a certain threshold (percolation threshold), the interphase of the adjacent particles 

may intersect with each other leading to a sharp change in transport properties. The interphase 

percolation threshold cannot be determined without knowing the interphase thickness and the 

morphology of the system. However, if the experimental permeability data show no sharp changes 

with particle loading within the tested range, it can be concluded that no interphase percolation has 

occurred in the system.

By assuming a simple cubic structure with a unit cell length of for the arrangement of the 

particles in the MMM, half of the interparticle distance, , is calculated as follows:
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(9) 

(10)

where is the radius of the primary particles. If the calculated interphase thickness for a particular 

loading is found to be larger than , it can be concluded that aggregation has occurred in the 

system. In this case, a new system is defined, in which the aggregates are assumed as spherical 

particles. For this system, the value of is equal to the interphase thickness obtained from the 

previous step. Therefore, Eq. (10) should be solved for to obtain the radius of the aggregates 

( ). Subsequently, the magnitude of particle aggregation ( ) can be estimated as:

(11)

shows the number of the primary particles in each spherical aggregate. After calculation of 

the radius of the aggregates, by assuming as the median, 20% of as the standard deviation 

and as the width of the distribution of the aggregates (Eq. (12)), generalized bell-shaped of the 

aggregates can be obtained. 

(12)

4. RESULTS AND DISCUSSION

4.1. Validation of the Developed Method. In this section, the validity of the proposed method is 

evaluated against the results obtained from SAXS analysis for PES/silica MMMs. Besides, our 
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method is employed to analyze the data obtained from the literature, and the results are compared 

to those of the works form which the data were extracted.

4.2. SAXS Analysis of the PES/Nano-Silica MMMs. In the current study, the SAXS data are

analyzed using the spherical core-shell model employing Irena Package v.2.6542 in Igor Pro v.7.05 

(Wavemetrics) software, which utilizes Levenberg-Marquardt nonlinear least-squares method for 

curve fitting. A core-shell model is assumed for the system, in which the core and the shell are 

consisted of the silica nanoparticle and the interphase, respectively. The scattering function of a 

core-shell composite can be expressed as43:

(13)

In which, is the scattering vector ( ), the form factor of the core-shell 

particles (particles encapsulated with an interphase), the structure factor of the core-shell 

particles in the system, the radius distribution function of the silica nanoparticles in the 

MMM, and the scaling constant which has no physical meaning for our uncalibrated data, and 

depends on the instrument calibration constant and other factors such as total number density of 

the particles in the system.

The form factor for the spherical core-shell model, , is defined as44:

(14)
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in which , , and are the scattering length densities (SLDs) of the silica nanoparticles, the 

interphase, and the PES matrix, respectively. Additionally, and are the radius of the silica 

nanoparticles and the thickness of the interphase, respectively.

The particle radius distribution was fitted using Schulz-Zimm distribution function, which is 

defined as:

(15)

in which is the number-averaged mean particle radius. In addition, , in which 

is the width of the Schulz-Zimm distribution of the particle radii. Additionally, is the 

gamma function defined as: .

The value of SLD for silica nanoparticles was assumed to be constant ( ), 

because it does not change with the changes in process parameters. Additionally, the changes in 

the free volume of the MMMs has been found to predominantly occur in the interphase region45,

therefore, the SLD of the matrix was also assumed to be constant ( ). Since 

Si only exists in silica nanoparticles, uniform dispersion of the fillers within PES can be confirmed 

by inspection of the Si elemental mappings obtained from EDX (Figure S1). Therefore, the 

structure factor can be approximated as . Consequently, the fitted parameters are: SLD 

of the interphase ( ), number-averaged mean particle radius ( , ), width of the Schulz-Zimm 

distribution of the particle radii ( ), and the thickness of the interphase ( ).

The desmeared SAXS patterns along with the model fits are shown in Figure 2. Additionally, 

Figure 3 indicates particle radius distributions obtained from the SAXS data. As shown, the mean 
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particle radius is about 10 nm. In addition, Table 1, contains the values of the parameters obtained 

by fitting the core-shell model on the SAXS data.

Table 1. Parameters obtained from fitting of the core-shell model on the SAXS data.

Sample Name Polymer Particle a
,

b
,

PESSi2 PES Silica 2 128.94 100 107.60 9.85 66.3±5.9

PESSi10 PES Silica 10 128.94 100 107.60 9.65 62±2 

PESSiOS2 PES silica-OSc 2 117.28 90 99.254 9.29 40.3±7.5

PESSiOS10 PES silica-OS 10 117.28 90 99.254 9.25 52.9±2.7

PESSiPDMS2 PES silica-PDMSd 2 133.73 110.8 100.45 8.74 66.8±2.9

PESSiPDMS10 PES silica-PDMS 10 133.73 110.8 100.45 8.50 69.7±1.4
avolume percent of the particles
bweight-averaged mean particle radius
csilica nanoparticles modified by octylsilane (OS)
dsilica nanoparticles modified by polydimethylsiloxane (PDMS)

4.3. Interphase Characterization of the PES/Nano-Silica MMMs Using the Proposed 

Method. Our developed method can be easily applied to characterize the interphase in a wide 

variety of systems, provided that the effective permeability of the system obeys the non-ideal 

permeation model utilized in the method. Therefore, a priori knowledge of the system can be 

helpful in selecting the appropriate governing model, and can ensure that the obtained results are 

physically meaningful. In the absence of such knowledge, one may resort to more general models 

that can encompass as many physical features of the system as possible, while being aware of the 

crudeness of the obtained results. Even when an appropriate model is selected, one should keep in 

mind that almost all permeability predictive models are approximations of the real system. 

Nevertheless, these approximations are satisfactory for many practical purposes, and therefore are 

valuable in structure-property studies of the particulate composites.
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Regarding the governing permeation models, we have selected two different models in order to 

investigate the effect of model selection on the final results. The first model is a modification to 

the well-known Maxwell model. According to this model, the effective gas permeability of the 

MMM ( ) can be expressed as46:

(16)

(17)

(18)

(19)

(20)

(21)

(22)

In which, and indicate the permeability of the polymer matrix and the pseudo-dispersed 

phase (encapsulated particles by the interphase), respectively. and are respectively the 

permeability of the interphase and that of the filler particles affected by pore blockage. Moreover,

represents the volume fraction of the pseudo-dispersed phase in the composite, and the 

volume fraction of the particles in the pseudo-dispersed phase.
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The second model is a nested combination of Maxwell model (Eq. (18)) and effective medium 

theory (EMT)31. Accordingly, Maxwell model describes the effective permeability of the pseudo-

dispersed phase as a function of the volume fraction and the effective permeability of the particles 

and the interphase, while EMT describes the effective permeability of the whole composite as a 

function of the volume fraction and the effective permeability of the pseudo-dispersed phase and 

the polymer matrix. Consequently, the effective permeability of the MMM is described as:

(23)

For convenience, in this study, the combination of EMT and Maxwell model is called EMT-

Maxwell model.

The results obtained from applying our method employing both of the mentioned models and the 

pure gas permeability of O2 and N2 through our samples (Table 2) are presented in Tables 3 and 

4. The size of the nanoparticles obtained from SAXS analysis was used in our model calculations. 

Accordingly, Figure 4 shows the variations of vs. for both models. As can be observed 

in this figure, both models show a single global minimum in the entire range of for all of the 

samples. Moreover, the optimum values of for the selected models happen at slightly different 

locations. This may arise from the differences in the assumptions used for the development of each

permeation predictive model, as well as the differences produced in the numerical treatment 

applied to obtain the results.

Table 2. Gas separation properties of the neat and MMM samples.

Sample name
Permeability (Barrer)

O2/N2
O2 N2

PES 0.50 0.12 4.2
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PESSi2 0.49 0.12 4.1

PESSi10 0.46 0.11 4.0

PESSiOS2 0.56 0.14 4.0

PESSiOS10 0.72 0.18 4.0

PESSiPDMS2 0.58 0.14 4.1

PESSiPDMS10 0.98 0.24 4.1

Table 3. Characteristic parameters of the interfacial layer in PES/silica MMMs based on the proposed 

approach and using modified Maxwell model.

MMM
MPA (Barrer) O2/N2

Polymer/ Particle / O2 N2

PES/1.71

Silica

/

12.89

2 25.4 4.4 2.83 12.89 1
1.44

0.72

2.06

0.25
2.9

10 9.5 5.8 20.5 12.89 1
1.26

0.63

1.50

0.18
3.5

PES/1.71

silica-OS

/

11.73

2 23.1 5 3.8 11.73 1
10.17

5.08

16.31

1.96
2.6

10 8.6 3.6 12.3 11.73 1
11.14

5.57

12.31

1.48
3.7

PES/1.71

silica-PDMS

/

13.40

2 26.4 6.5 4.5 13.40 1
18.61

9.31

22.01

2.64
3.5

10 9.8 6 20.4 13.40 1
22.44

11.22

26.11

3.13
3.6

a in nm

Table 4. Characteristic parameters of the interfacial layer in PES/silica MMMs based on the proposed 

approach and using EMT-Maxwell model.

MMM
MPA (Barrer) O2/N2

Polymer/ Particle / O2 N2

PES/1.71

Silica

/

12.89

2 25.4 4.4 2.81 12.89 1
1.44

0.72

2.06

0.25
2.9

10 9.5 5.8 20.4 12.89 1 1.27 2.24 2.4



16

0.64 0.27

PES/1.71

Silica-OS

/

11.73

2 23.1 4.7 3.57 11.73 1
10.46

5.23

16.03

1.92
2.7

10 8.6 3.2 10.8 11.73 1
11.23

5.62

12.10

1.45
3.9

PES/1.71

Silica-PDMS

/

13.40

2 26.4 6 4.11 13.40 1
19.17

9.59

22.07

2.65
3.6

10 9.8 4.5 14.0 13.40 1
23.86

12.39

25.73

3.09
3.8

a in nm

A comparison of the SAXS results and the results of our method reveals that there is a good 

agreement between the values of the interphase thickness obtained from both techniques. 

Moreover, our method, similar to EDX results (Figure S1) shows no particle aggregation within 

the tested samples.

As can be observed from the values of , the effective permeability of the interphase is larger than 

that of the matrix for all of the studied cases, suggesting the presence of a diluted interphase around 

the particles. Concurrently, the SLD of the interphase obtained from the SAXS data is smaller than 

the SLD of the matrix for all of our samples, suggesting that the density of this layer is lower than 

the matrix, since they are both made of the same material. These results indicate that, for all of the 

studied samples, the type of the interactions between the polymer matrix and the nanoparticles is 

repulsive, which leads to a relatively stretched conformation for the chains located in the interphase 

region, compared to the chains present in the matrix.

As presented in Tables 3 and 4, at the same loading of different nano-silica particles, the gas 

permeability through the interfacial region ( ) decreases in the following order:
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This can be attributed to the weaker attraction between PES and the silica nanoparticles containing 

bulky functional groups (PDMS and OS) compared to the pristine silica nanoparticles. This trend 

can also be observed from the values of the interphase SLD ( ) obtained from the SAXS analysis

(Table 1). Moreover, comparing the experimental data at different loadings of silica nanoparticles 

reveals a slight decrement in selectivity of O2/N2 over the pure polymer, Table 2. Assuming no 

change in the transport properties of the polymer matrix, this reduction can be related to the 

interfacial polymer chain dilution. Owing to the lower volume fraction of the interphase compared 

to the polymer matrix, the reduction of the selectivity within this phase is expected to be greater. 

As shown in Tables 3 and 4, the proposed method confirmed the same results. Besides, the 

influence of the size of the silica nanoparticles on interface thickness is shown in Figure 3. As

observed in this figure, corresponding results to the median are almost equal to the ones obtained 

using weight-averaged mean particle radius (Tables 3 and 4). Furthermore, our results revealed 

agglomeration of the pristine silica nanoparticles smaller than 7 nm in the 10 vol. % PES/silica 

composite. By applying frequency of the particles, silica aggregate radius distribution were 

indicated in Figure S2, by the proposed method. Sensitivity of the proposed method to the gas 

permeation test apparatus was investigated. In the case of using a specified apparatus, the error 

caused by it has no effect on the obtained interface thickness.

4.4. Analysis of the Literature Data. Ahmad et al. integrated density functional theory 

calculations and force field-based molecular dynamics simulations to provide the microscopic 

model of the interface interactions between the MOF UiO-66 (of approx. 50 nm particle size) and 

the polymer 6FDA-DAM47. They observed the presence of a rigidified layer around particles with 

about 3 nm thickness. The permeability data of pure CO2 obtained by Ahmad et al. for the 

composites containing 14 wt. % UiO-66 are evaluated by our method and the results are presented 
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in Figure 5. The obtained results display the presence of an interfacial layer with an average 

thickness of and nm using modified Maxwell and EMT-Maxwell models, respectively,

which are in good agreement with the result obtained from the atomistic modeling performed by 

Ahmad et al.

Matteucci et al. investigated the effect of TiO2 and MgO nanoparticles (diameter=3 nm) on the gas 

permeability of polybutadiene (PB) MMMs48, 49. They observed a lower density for their 

composites compared to the theoretical predictions. Additionally, they observed an increase in gas 

permeability with an increase in the loading of the nanoparticles, and attributed this phenomenon 

to the formation of a diluted interphase around the nanoparticles, since their nanoparticles were 

impermeable. Moreover, they observed particle aggregates in the AFM images of some of their 

samples. The size of the aggregates were measured in these images using ImageJ and Weibull

image analysis software. A mean diameter of and nm, was obtained for the aggregates 

observed in 10 vol. % TiO2-PB using ImageJ and Weibull, respectively 48. Similarly, they obtained 

aggregate mean diameters of and nm for 10 vol. %, and and nm for 13 

vol. % MgO-PB nanocomposites employing ImageJ and Weibull, respectively49.

Here, the MMMs studied by Matteucci et al. are analyzed by our method, and the results are 

presented in Tables 5 and 6. In addition to the interphase characteristics, the analysis results contain 

the size of the aggregates in different volume fractions. For instance, the mean size of the 

aggregates for TiO2-PB MMMs is 3.6 nm, calculated at 10 vol. %, and for MgO-PB it is 3.6 and 

4.4 nm, calculated at 10 and 13 vol. %, respectively. These values are in good agreement with the 

results obtained from the AFM image analyzes performed by Matteucci et al. Figures. S3 and S4

indicate nanometer size aggregates of MgO and TiO2 in PB, respectively.
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Wang et al. have developed a method for measuring the interphase thickness in polymer-particle 

composites50. Their method utilizes the transport properties of different gas species in different 

pressures and their mean free path, to estimate the interphase thickness in the case of polymer 

chain dilution. The increase in the gas permeability with pressure can be attributed to the viscous 

flow of the gas molecules through the interphase region. For the viscous flow to occur, the 

interphase thickness must be larger than the mean free path of the gas molecules.

Table 5. Characteristic parameters of the interfacial layer in PB/TiO2 and PB/MgO MMMs based on the 

proposed approach and using modified Maxwell model.

MMM
MPA

Polymer/ Particle/ H2 CO2 N2 CH4

PB/1.17 TiO2/1.5

10 1.1 1.4 1.8 1.73 1.81 1.37 2.13 1.70

13 0.9 1.4 2.3 3.61 2.34 1.63 4.11 1.87

20 0.6 1.3 3.2 9.71 2.44 1.92 3.48 2.18

PB/1.17 MgO/1.5

10 1.1 1.4 1.8 1.73 - 2.21 1.81 3.01

13 0.9 1.4 2.2 3.16 - 4.65 3.91 6.39

20 0.6 1.2 3.0 8.00 - 4.19 5.80 5.55

27 0.4 1.0 3.7 15.01 - 7.74 10.2 10.6
a in nm

Table 6. Characteristic parameters of the interfacial layer in PB/TiO2 and PB/MgO MMMs based on the 

proposed approach and using EMT-Maxwell model.

MMM
MPA

Polymer/ Particle/ H2 CO2 N2 CH4

PB/1.17 TiO2/1.5

10 1.1 1.4 1.8 1.73 1.65 1.27 1.92 1.56

13 0.9 1.4 2.3 3.61 2.14 1.51 3.66 1.73

20 0.6 1.3 3.2 9.71 2.19 1.70 3.30 1.94

PB/1.17 MgO/1.5

10 1.1 1.4 1.8 1.73 - 1.98 1.66 1.59

13 0.9 1.4 2.2 3.16 - 4.10 3.50 5.49

20 0.6 1.3 3.2 9.71 - 3.44 5.02 4.76

27 0.4 1.2 4.5 27.0 - 6.34 10.6 11.4
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a in nm

Conversely, if the thickness of the interphase is smaller than the mean free path of the gas 

molecules, Knudsen diffusion takes place, and the flow of the gas molecules in this region becomes 

almost independent of the feed pressure. The mean free path of the gas molecules has an inverse 

relationship with pressure. While mean free path of the gas molecules is larger than the interphase 

thickness, by increasing the feed pressure, the gas permeability almost remains constant up to a 

pressure beyond which the mean free path of the gas molecules becomes smaller than the 

interphase thickness. Consequently, the mean free path of the gas molecule at this pressure can be 

used as an estimation of the interphase thickness. Wang et al. applied their method to study the 

interphase of the MMMs consisted of modified silica nanoparticles dispersed in a polyvinylamine 

(PVAm) matrix by measuring their gas transport properties at different pressures between 1 and 

20 bar. Their results showed that the permeability of N2 and CH4 increases with increasing the 

pressure from 15 to 20 bar (Figure S5). The mean free path of N2 is 4.56 and 3.42 nm, and for 

CH4, it is 4.23 and 3.17 nm in the mentioned pressures, respectively. Therefore, a diluted 

interphase with a thickness in the range of 3.42-4.56 nm was estimated by Wang et al.

The permeability data obtained by Wang et al. are analyzed by our method and the results are 

presented in Figure 6. The obtained results show the presence of a diluted interphase with an 

average thickness of and nm (averaged over the data obtained at 

different pressures from 1 to 20 bar), employing modified Maxwell and EMT-Maxwell models, 

respectively, which agree well with the result obtained by Wang et al. The results reveal the 

independency of the interface thickness to the test pressure.

Moreover, the influence of 10 wt. % loading of ZSM-5 (of approx. 250 nm particle size) on gas 

separation performance of PVAm was studied by Wang et al50. As shown in Figure S6, 
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permeability of O2, N2 and CH4 increases with increasing the pressure from 3 to 5 bar. According 

to their method, the presence of an interfacial diluted layer with a thickness in the range of 15.7 

nm 26.2 nm is expected. Application of the proposed method in this study to their 

experimental permeability data in the range of p=1 to 3 bar, reveal polymer chain dilution around 

the particles with 20 ± 3 nm thickness (Figure S7) which is confirmed by the result obtained by 

Wang et al.

Ahmad and Hagg51 observed a 13 increase in the Tg of polyvinylacetate (PVAc) with adding

10 vol.% TiO2 nanoparticles to this polymer, which can be attributed to chain rigidification around 

the particles. Results obtained from the application of our method to their data (Figure 7) indicate

a rigidified interphase with a thickness of 9 ± 0.3, 12.9 ± 0.7, 15.1 ± 1 nm at 30, 40, and 50 , 

respectively (each value is averaged over the results obtained from modified Maxwell’s and EMT-

Maxwell models at each temperature). This increase in interphase thickness with temperature can 

be attributed to the melting of the crystalline polymers around the particles, as well as stretching 

and unwinding of the polymeric chains. Increase in the interphase thickness with temperature has 

also been observed in the SAXS studies of the interphase around boron nitride nanosheets (BNNS), 

silica, and alumina nanoparticles dispersed in low-density polyethylene (LDPE)52-54.

5. CONCLUSIONS

Interactions between the particles and the polymeric matrix in composites leads to the formation 

of an interphase between them, which can possess significantly different physical properties 

compared to the polymeric matrix. The slightest changes in the polymer chain properties and free 

volume can be sensed by Angstrom-size gas molecules permeating through them. Based on this 

concept, in the current study, a new method has been developed for the characterization of the 
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interphase in polymer/particle composites. Employing this method, the morphology, the thickness, 

and the permeability of the interphase, as well as the effective permeability of the encapsulated 

particles can be determined. Comparison of the SAXS results and the results obtained from 

applying our developed method on model PES-silica composites indicates the effectiveness of our 

method in quantitative characterization of the interphase. Furthermore, our method was applied to 

analyze the data acquired from the literature. Qualitative and quantitative agreement between our 

results and the findings of the mentioned studies further confirms the efficacy of our method in 

obtaining physically valid results. Depending on the permeation predictive model chosen to 

describe the system, our method has a great potential for characterizing a wide variety of polymer-

particle systems containing non-spherical particles, under different operational conditions.
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Figures

Figure 1. Plot of vs. .
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Figure 2. Desmeared SAXS patterns as well as model fittings of the samples: (a) PESSi2 and PESSi10, 

(b) PESSiOS2 and PESSiOS10, and (c) PESSiPDMS2 and PESSiPDMS10.
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Figure 3. Particle radius distributions obtained from the SAXS data for (a) silica, (b) silica-OS and (c) 

silica-PDMS. The influence of particle size on interface thickness based on the proposed approach and 

using respective the models of modified Maxwell and EMT-Maxwell in (d) and (g) for PESSi2 and 

PESSi10, (e) and (h) for PESSiOS2 and PESSiOS10, (f) and (i) for PESSiPDMS2 and PESSiPDMS10.
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Figure 4. Plots of against for modified Maxwell model and EMT-Maxwell model in (a) 

PESSi2, (b) PESSi10, (c) PESSiOS2, (d) PESSiOS10, (e) PESSiPDMS2, and (f) PESSiPDMS10.



34

Figure 5. Plots of against for modified Maxwell model and EMT-Maxwell model in 6FDA-

DAM+ 14 wt. % UiO-66
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Figure 6. Pressure dependency of interphase thickness in PVA-SiO2-NH2 MMM using (a) modified 

Maxwell model and (b) EMT-Maxwell model.
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Figure 7. Temperature dependency of interphase thickness in PVAc containing 10 vol. % TiO2

nanoparticles using modified Maxwell model and EMT-Maxwell model.
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