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Chapter 1. Introduction 

 

1.1 DISSERTATION GOALS 

The purpose of this research is to provide an understanding of the properties of 

two melt extruded polymeric membranes, and thereby develop a pathway to understand 

how these materials might be combined to successfully address commercial and 

industrial needs in separations. Specifically, microporous membranes made from 

polypropylene and dense film membranes made from PEBAX copolymers were 

characterized for their use as a multilayered composite in modified atmosphere packaging 

applications. More generally, the development of multilayer composite films by melt 

extrusion is novel, and the efforts related to fabricating successful MAP membranes may 

lead to the development of other membranes using this fabrication technique. 

 

1.2 DISSERTATION ORGANIZATION 

The dissertation has seven chapters, including two which have been adapted from 

publications in Polymer. Chapter 2 provides background on the polypropylene and 

PEBAX materials used, explaining their fabrication, properties, and applications 

described in the literature. The transport mechanisms operative in disparate types of 

membranes are also discussed. Investigations and applications of multilayered 

coextrusion are catalogued. Finally, the produce preservation benefits of modified 

atmosphere packaging are detailed. 
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Chapter 3 sets forth the experimental and analytical techniques used to 

characterize the materials studied in this dissertation. It is divided, roughly speaking, into 

three sections discussing the techniques used in each of the following three chapters. 

Chapter 4 presents a characterization of the crystallinity that exists in a specially 

nucleated isotactic polypropylene, how that crystallinity is influenced by thermal 

annealing processes, and how pore formation upon biaxial stretching is influenced by the 

crystalline content and the extent of its development. The complexity of the material 

requires the development of a new type of analysis to account for the crystalline lamellae 

active during pore formation and correlates this crystallinity with porosity formed. 

Chapter 5 extends the analysis of Chapter 4 to transport phenomena in the same 

materials. The effect of thermal annealing and stretching conditions are studied for their 

effect on gas permeability in these films. A comparison is made between the properties of 

these films and those found in the literature. The pore size distribution in the films is 

characterized, and this information is used to compare the permeation behavior predicted 

by previously developed models to the materials studied. 

Chapter 6 is divided into two sections. The first section discusses the permeability 

of PEBAX films at a variety of experimental conditions, including temperature. A 

comparison of O2 flux between extruded PEBAX films and a commercial packaging 

membrane is made. Using analysis familiar to our laboratory, the process parameters for 

a successful PEBAX packaging membrane are calculated. The second section discusses 

multilayered membranes produced from polypropylene and PEBAX. Multilayered 

membrane performance is characterized along the lines of the first section. 

Chapter 7 presents the conclusions of this research and provides recommendations 

to extend it. Experiments to increase understanding of pore formation in confined 
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environments are proposed, and additional applications for multilayering coextrusion 

which use the technology developed in this project are presented. 

 

Figure 1.1. The 300 most frequent words written in this dissertation, where larger 

typeset indicates greater frequency. Similar words were consolidated for 

display purposes. Image rendered by Wordle (www.wordle.net). 
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Chapter 2. Background and Theory 

 

2.1 POROUS AND COMPOSITE MEMBRANES BY EXTRUSION 

2.1.1 Porous Membrane Applications 

Microporous polymer membranes are of interest in many industrial applications. 

Since nitrocellulose micro- and ultrafiltration membranes were first commercialized in 

the 1920s [1], many types of microporous polymer membranes have been produced. Such 

membranes have been studied for use in filtration applications [1,2], gas exchange [3], 

membrane distillation [4], for use in bioreactors [5], as battery separators [6,7], and as 

porous supports for gas separation and desalination membranes [1,8,9], which were first 

made possible by the Loeb-Sourirajan phase separation process [10]. The pore size and 

size distribution in porous polymeric membranes largely determines their function. A 

range of membranes, from non-porous to the microfiltration range in pore size, can be 

produced in several ways. Anisotropic membranes can be obtained by phase separation 

processes, isotropic porous membranes can be produced through wet or dry processes, 

and composite films may be constructed in a variety of ways. The membranes of most 

interest in this research are isotropic and composite membranes produced through 

solvent-free processes. 

                                                 
  Portions of this chapter have been adapted with permission from the following articles: 

G.T. Offord (author, primary experimentalist), S.R. Armstrong (editor, sample preparation), B.D. 

Freeman (editor), E. Baer (editor), A. Hiltner (editor), J.S. Swinnea (XRD experiments), D.R. Paul 

(editor)., Polymer. 54 (2013) 2577–2589. 

G.T. Offord (author, primary experimentalist), S.R. Armstrong (editor, sample preparation), B.D. 

Freeman (editor), E. Baer (editor), A. Hiltner (editor), D.R. Paul (editor), Polymer. 54 (2013) 

2796–2807. 
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2.1.2 Isotropic Membranes 

Isotropic porous membranes generally have pores of ultrafiltration size or larger, 

and separation performance is determined by the pore size distribution across the entire 

membrane thickness [8]. Track etching of polymer films [2,11], film extrusion and 

blowing [2], and several stretching techniques applied to previously formed films [2,3,12] 

can be used to create isotropic microporous membranes. There are several pathways to 

produce isotropic porous films using solvent-free stretching methods. This process 

generally begins with the formation of a two-phase structure and is followed by a 

stretching step which imposes stress on the interface [13]. For example, polypropylene 

(PP) can be blended with inorganic fillers such as CaCO3 or other materials such as 

rubber and then stretched, causing cavitation through delamination of filler from the 

matrix. The number of pores and their sizes can be controlled by varying particle loading, 

particle size, and stretching conditions [12,14]. The pore formation resulting from several 

of these techniques is presented in Figure 2.1. 
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Figure 2.1. Pore formation in PP following several of the techniques described 

previously. 

Perhaps the best-known microporous stretched film is the original Gore-Tex, a 

highly porous membrane produced by rapid stretching of polytetrafluoroethylene at high 

temperatures [15]. Other innovations in this area are isotactic polypropylene (iPP) and 

polyethylene (PE) microporous membranes produced by Celgard employing a “dry 

stretch” technique, patented by Celanese in the late 1960s [16–18] and commercialized in 

1974 [19]. The extrusion, film take-up and annealing conditions for iPP prior to this “dry 

stretch” must be closely controlled to ensure that the film becomes highly oriented prior 

to crystallization. In iPP, this results in films with a stacked lamellar α crystalline 



 7 

structure that exhibit higher porosity and permeability upon stretching compared to films 

with spherulitic α structures [20–23]. In addition to iPP and PE, other semicrystalline 

polymers that can form highly oriented stacked lamellar crystalline structures such as 

polyoxymethylene [24,25] and isotactic poly(4-methyl-1-pentene) [26,27] have been 

reported. Those studies were performed to determine the extrusion and annealing 

conditions required to create polymer precursors that successfully generate microporous 

membranes using the “dry stretch” technique. 

The challenges of forming structures amenable to pore formation during 

stretching of a melt-extruded multilayered film have led to other approaches for iPP 

films, one of which is the stretching of extruded β nucleated isotactic polypropylene (β-

iPP) films. This study examines extruded β-iPP films that have been annealed and 

biaxially stretched to induce pore formation, and it explored the influence of several 

processing variables on the gas permeation properties of β-iPP porous films. A 

comparison is made between these films and other porous films in the literature, as well 

as to commercially available Celgard films. If these membranes can be efficiently 

produced, they would be useful in many of the applications previously listed. Beyond 

those applications, a novel approach to incorporate β-iPP materials into composite 

membranes will be discussed next. 

2.1.3 Composite Membranes 

In composite membranes, a thin skin layer determines separation performance, 

but that layer must be supported by a substrate material that provides both mechanical 

integrity and little resistance to mass transfer, which implies that it must be both porous 

and much thicker than the skin layer. These membranes have typically been produced by 

coating a porous substrate with a polymer in solution, or by laminating more than one 
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previously fabricated material together. A Celgard trilayer membrane, for instance, is 

fabricated in this manner [28]. 

Before extruded composite membranes can be produced, the production and 

properties of a compatible support layer must be studied. Studies of β-iPP isotropic films 

were undertaken for this purpose. Extruded β-iPP films, which become porous upon 

stretching [3,20], were produced. The aim of this part of the research is to develop a 

methodology by which these films may be coextruded in a multilayered configuration 

[29,30] with alternating layers of porous precursors and nonporous materials. These films 

may then be stretched to form the final composite membrane. Stand-alone β-iPP films 

made from resins with different values of melt flow index (MFI) were used to study pore 

formation while ensuring future rheological compatibility with other polymers during 

coextrusion. If useful composite membranes can ultimately be produced in this way, thus 

displacing solvent-based membrane production [1,8,9], large environmental and 

economic benefits may be realized. Specific applications for this technology will be 

discussed later in this chapter. 

 

2.2 CRYSTALLINITY IN POLYMORPHIC IPP 

Isotactic polypropylene is a polymorphic semicrystalline polymer, manifesting 

crystalline modifications of the α, β and γ form [31,32]. Polymer films containing the first 

two modifications can be stretched under appropriate conditions to generate porosity, 

making these crystal forms of interest in this study [3,20]. Both α and β crystals exist in a 

31 helical conformation, but the α form packs into a monoclinic unit cell while β packs in 

a hexagonal unit cell [33,34]. The β form is considered a metastable phase, due to its 

tendency to transform to α when exposed to mechanical or thermal stimulation [33,35]. 
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One reason for the instability of the β form and the difficulty to isolate and thus 

characterize the material is that β-iPP crystallizes with a frustrated helical packing, 

wherein the different azimuthal orientation of the helices ensure that at least one of the 

three helices in the packing is in an energetically unfavorable position [34,35]. For this 

reason, a nucleating additive is required to obtain any significant quantity of the β form, 

and iPP tends not to remain in that form [35]. Additionally, many β nucleators also serve 

as nucleators for the α phase [35,36]. From a practical perspective, any system designed 

to take advantage of the properties of β-iPP must also account for the presence of α-iPP. 

The crystallinity of β-iPP precursor films is critical to porosity formation in the 

film upon stretching. This study examines porous films produced from melt-extruded β-

iPP precursors and builds upon previous work in this area [37–39]. For example, Chu et 

al. produced β-iPP films crystallized in a hot press at a fixed temperature [3,40,41]. The 

film crystallinity was measured, then the samples were uniaxially or biaxially stretched to 

induce pore formation. A pore formation mechanism was proposed, and porosity, pore 

size distribution and gas permeability of the stretched films were measured. Several 

examples of melt-extruded biaxially stretched β-iPP microporous films are taught in the 

patent literature [42–45]. However, none of the previously mentioned studies examined 

the effect of annealing on β crystal structure and the resulting pore formation. There is a 

large body of work discussing the effect of annealing on β-iPP, primarily in the context of 

modifying the mechanical properties [46–50]. Compared to neat iPP, β-iPP generally 

exhibits greater toughness, higher impact strength, lower yield strength and reduced 

modulus across a variety of different iPP resins, nucleator types, and processing 

conditions [48,51]. Impact strength in particular is greatly enhanced when samples are 

annealed [49]. Of particular relevance to stretching annealed β-iPP films is an observed 

increase in resistance to necking, resulting in more homogeneous deformation [50]. 
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Changes in mechanical properties upon annealing would likely affect the behavior of the 

films when stretched, including the extent of pore formation. 

 

2.3 GAS PERMEABILITY IN MEMBRANES 

The permeability of a membrane (Pi) is defined as the steady state flux of a gas i 

(Ji) through the membrane normalized by the driving force, a pressure gradient of gas i 

over the membrane thickness l (Δpi/l) [1,52]: 

lp

J
P

i

i

i
/

  (2.1) 

Likewise, the ideal permselectivity (αi/j) of gas i relative to gas j is the ratio of pure gas 

permeabilities as follows: 

j

i

ji
P

P
/  (2.2) 

These useful formulations contain no information about the mode of transport, which is 

specific to the type of membrane. With these two equations, both membrane throughput 

and separation performance can be characterized. 

2.3.1 Porous Membranes 

The flow of gas through porous membranes depends upon the relationship of the 

mean free path of the gas (λ) to the characteristic size of the pore (Dpore), known as the 

Knudsen number (Kn) [4,53]: 

poreD
Kn


  (2.3) 

If this value is much larger than unity, gas transport through the membrane occurs by 

Knudsen diffusion, and the Knudsen flux (JK) can be represented as follows [4]: 



 11 

l

p

TR

M

M

TRD
J

pore

K










 8

3
 (2.4) 

When the Knudsen number is smaller than unity, transport occurs by Poiseuille flow, and 

the Poiseuille flux (JP) is represented by 
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 (2.5) 

In these models, κ represents the film porosity (idealized as cylindrical through-pores), ψ 

is flow path tortuosity, T is the gas temperature, M is the gas molecular weight, R is the 

gas constant, p is the mean gas pressure, and η is the gas viscosity. 

2.3.2 Dense Film Polymeric Membranes 

Transport in dense film polymeric membranes occurs by the solution-diffusion 

mechanism [54,55], where gas dissolves into the upstream face of the membrane, diffuses 

through the membrane, and finally desorbs from the downstream face of the membrane. 

In the case where a single gas i permeates through a membrane in this way, and the 

downstream pressure of the permeating gas is small, the permeability of gas i can be 

shown to be 

iii SDP   (2.6) 

where Di is the diffusion coefficient of gas i, and Si is its solubility in the polymer [52]. In 

this formulation, diffusivity is a kinetic factor accounting for the rate gas molecules move 

through the polymer, and solubility is a thermodynamic property accounting for the 

capacity of the polymer to contain gas molecules. As before, the ideal permselectivity can 

also be written 

 
j

i

j

i

ji
S

S

D

D
/  (2.7) 
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where the ratio of diffusivities can be considered a diffusivity selectivity and the ratio of 

solubilities can be considered a solubility selectivity. Ideally, for a given separation the 

diffusivity selectivity and solubility selectivity of a membrane would be as high as 

possible. In practice, separations performed by membranes made of glassy polymers are 

usually diffusivity selectivity controlled, while those in rubbery polymers are solubility 

selectivity controlled [1].  

 

2.4 POLYMERS EXHIBITING HIGH CO2 SOLUBILITY 

2.4.1 Material Properties of Polymers with Affinity for CO2 

Polymers containing polar structural units (e.g., carbonates, acetates, nitriles, and 

ether oxygens) have the potential to exhibit strong interactions with quadrupolar CO2 

[56]. These strong interactions are manifested as increased solubility of CO2 in the 

polymer relative to equivalent structures without the polar group, and further result in 

enhanced solubility selectivities of CO2 over nonpolar light gases [57]. In particular, 

polymers with structures containing polar ether oxygens have been widely shown to 

exhibit this property [58–61]. For membrane applications where high CO2 solubility or 

CO2 solubility selectivity will result in the desired transport properties, the incorporation 

of ether oxygen linkages into the polymer is an obvious route to improved performance. 

Rubbery polymers containing ether oxygens are of particular interest, because the 

solubility selective behavior provided by the ether oxygens can offset the weak size-

sieving behavior characteristic of rubbery polymers while retaining their high 

permeability. In fact, so-called “reverse selective” membranes that exhibit higher 

permeabilities to larger gases (e.g. CO2) over smaller gases (e.g. He, H2) are only made 

possible when polymer solubility behavior is the controlling factor [52,56]. 
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2.4.2 Design of Polymers with Affinity for CO2 

Several approaches are available to produce membranes made of rubbery 

polymers containing ether oxygens [57]. Poly(ethylene oxide) (PEO), 

poly(tetramethylene oxide) (PTMO), or other structures that are essentially polyolefins 

with ether oxygen linkages can be synthesized and cast from solution as membranes. 

These polyethers (PE) tend to have high crystallinity, and therefore exhibit low gas 

permeability [62,63]. PEO is also soluble in water, greatly limiting the range of 

applications for which it is well-suited as a membrane [64,65]. Further, the mechanical 

properties of PEO are quite poor [30]. The high crystallinity and water solubility of these 

materials can be addressed by crosslinking the polymer network after casting from 

solution, an approach which has been extensively studied previously for PEO [66–68]. 

An intriguing method to exploit the properties of PE units in gas separation membranes 

that has been widely used since the mid-1990s is to synthesize block copolymers 

composed of a “soft” PE block and a second “hard” structural block. PEO-based 

materials with “hard” polyimide [58,69], polyamide [70,71], polyester [72,73], and 

polyurethane [60,69] segments have all been measured for CO2, N2, and other light gas 

permeabilities. PTMO-based materials along these lines have been studied concurrently. 

This class of materials exhibits significantly better material properties than solution-cast 

polyethers or their crosslinked derivatives, and depending upon the hard block, these 

copolymers may also be melt extruded. A commercially available line of polyether-

block-polyamide (PE-b-PA) segmented copolymers, sold under the name PEBAX, 

possess these excellent processing characteristics and still retain an enhanced solubility 

selectivity toward CO2, shown in Figure 2.2. 
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Figure 2.2. Enhanced solubility selectivity of PEO and PTMO-containing PE-b-PA 

copolymers relative to prediction based on gas condensability as represented 

by Lennard-Jones well depth. This figure has been adapted with permission 

from an article published in the Journal of Polymer Science Part B: Polymer 

Physics [74]. 

As would be expected from the solubility selectivities, PTMO-b-PA materials 

tend to exhibit lower permselectivities for CO2 over light gases compared to PEO-b-PA 

materials. The PTMO-based materials exhibit higher permeabilities, which could make 

them useful for high throughput applications [70,75]. Research on PEO and PTMO-based 
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materials has primarily been directed toward hydrogen purification, natural gas 

sweetening, and flue gas CO2 recovery [56]. There are interesting possibilities in several 

other areas, which will be outlined below. 

 

2.5 MULTILAYERED COEXTRUSION 

Extruded polymer films made from two or more polymers arranged in several or 

many layers can be produced by a technique pioneered by Dow called multilayer 

coextrusion. This technology is currently being advanced by the Center for Layered 

Polymeric Systems (CLiPS) NSF Science and Technology Center, of which this 

dissertation is a product. Fundamental studies of these layered polymeric systems have 

been performed to understand polymer interdiffusion of microlayers [76], their 

mechanical properties [77,78], layer morphology [79], the behavior of material at the 

polymer interphase [80,81], and physical aging of confined polymers [82]. Additionally, 

these systems have been studied for applications such as barrier materials [83–85], 

breathable films [30], advanced optical [86,87] and electrical properties [88], as well as 

for modified atmosphere packaging [89–92]. A schematic for a multilayered membrane 

intended for this last category, which is the primary application for which this technology 

platform has been developed, is depicted in Figure 2.3. 
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Figure 2.3. General schematic of a multilayer coextruded membrane composed of a 

porous support layer and a dense selective layer. 

 

2.6 MULTILAYERED MEMBRANES FOR MODIFIED ATMOSPHERE PACKAGING 

2.6.1 Produce Preservation 

The preservation of fresh produce as it passes through the supply chain is an 

important economic and health issue. Over 20% of vegetables grown are lost to spoilage, 

which decreases agricultural productivity and the availability of nutritious food to the 

public [93]. Ripening (and thus eventual spoilage) is ultimately caused by produce 

respiration, which can be summarized chemically as follows [64]:  

 OHCOOOHC 2226126 666  (2.8) 

where C6H12O6 is a representative organic substrate (in this case, glucose) and heat, Δ , is 

produced in the course of the reaction. The usual approach to retard the spoilage of 

produce is refrigeration, which reduces the rate of this reaction. A less energy-intensive 

method to reduce the rate is to use the reaction products and an appropriate membrane to 

reach elevated levels of CO2 and decreased levels of O2 inside the produce package. This 

approach, known as modified atmosphere packaging (MAP), can be employed with or 
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without refrigeration, and it has opened up significant opportunities for membrane 

technology [64,93–95]. The steady state gas composition in a modified atmosphere 

package can be modeled given the respiratory behavior of the packaged produce and the 

transport properties of the selected membrane material [64,90,94,96,97]. 

2.6.2 Materials for MAP 

Recent literature reports that membranes made of poly(ethylene oxide) (PEO) 

materials have exceptionally high CO2/O2 permselectivity [56,62,63,98]. This results 

from the favorable interaction of quadrupolar CO2 with polar ether oxygens, described 

previously. The achievable steady state concentration of gases in a package are 

represented in the form of operating lines corresponding to different polymeric 

membrane materials, as shown in Figure 2.4. 
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Figure 2.4. Relationship between CO2 and O2 content at equilibrium for a container 

using modified atmosphere packaging technology. Performance is displayed 

for membranes with different CO2/O2 selectivities α, including those 

produced using PEO (α = 19) [62], silicone rubber (α = 4.8) [99], or non-

selective materials (α = 1). Illustration adapted from Murphy et al. [90] 

Modeling results show that membrane materials with PEO-like properties are 

required to generate low (< 5%) equilibrium package concentrations of CO2 and O2, 

which extend the shelf life of high-volume produce like apples, pears, grapes, and 

tomatoes [64,97]. The slope of the operating line depends primarily upon the CO2/O2 
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permselectivity, while the position on that line depends primarily on the membrane O2 

flux and the produce respiratory behavior [96,97]. Any composition between the PEO 

line and the non-selective membrane line can in principle be reached through the proper 

combination of selective and non-selective materials. Consequently, optimal atmospheric 

conditions can be achieved for a wide variety of produce. 

2.6.3 MAP Membranes by Coextrusion 

There is no commercially available MAP product employing a high selectivity 

membrane. Indeed, very little work on high selectivity materials for this application has 

been performed, as evidenced by the sparsely available O2 permeability data for such 

materials in the literature. This project addresses several of the deficiencies of current 

membranes for MAP that may be solved by selecting improved materials and microlayer 

coextrusion techniques [29,30]. A novel multilayer structure composed of β-nucleated 

polypropylene and PE-b-PA copolymer materials will be coextruded and biaxially 

stretched to produce high flux, high selectivity MAP membranes. This approach has the 

additional advantage of avoiding the expensive and environmentally hazardous casting of 

membranes from solution, which is the industry standard for the production of gas 

separation membranes [1,8,9]. 
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Chapter 3. Materials and Experimental Methods 

 

3.1 INTRODUCTION 

The studies presented in this dissertation have significant differences in materials 

and experimental techniques, so this section will therefore be presented in order of 

subject matter: extruded β-iPP precursor and stretched films, extruded single layer 

PEBAX films, and finally, coextruded multilayered β-iPP/PEBAX films. 

 

3.2 EXTRUDED Β-IPP PRECURSOR AND STRETCHED FILMS 

3.2.1 Materials Selection 

Three grades of iPP were included in this study. Dow H700-12, with an ASTM 

D1238 melt flow index (MFI) of 12 g/10 min., Exxon 2252 (MFI = 3.5), and Exxon 1572 

(MFI = 2.1) were selected as the model iPP materials, and they were received in pellet 

form. A highly active [1,2] β nucleating agent for iPP, quinacridone quinone (QQ), was 

purchased from Sigma Aldrich and was used without further modification. The chemical 

structures of the polymer and nucleating agent are presented in Table 3.1. 

                                                 
  Portions of this chapter have been adapted with permission from the following articles: 

G.T. Offord (author, primary experimentalist), S.R. Armstrong (editor, sample preparation), B.D. 

Freeman (editor), E. Baer (editor), A. Hiltner (editor), J.S. Swinnea (XRD experiments), D.R. Paul 

(editor)., Polymer. 54 (2013) 2577–2589. 

G.T. Offord (author, primary experimentalist), S.R. Armstrong (editor, sample preparation), B.D. 

Freeman (editor), E. Baer (editor), A. Hiltner (editor), D.R. Paul (editor), Polymer. 54 (2013) 

2796–2807. 
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Table 3.1. Structure and property data for materials used to produce β-iPP films. 

Sample Name MFI (g/10 min.) Chemical Structure 

Dow H700-12 iPP 12 

 

Exxon 2252 iPP 3.5 

Exxon 1572 iPP 2.1 

Sigma Aldrich 

Quinacridone 

Quinone 

-- 

 

3.2.2 Film Preparation 

A master batch of each iPP grade containing 0.5 wt.% QQ was prepared by melt 

blending at 190 °C using a Haake Rheomix 600 twin screw extruder and pelletizing the 

extrudate. These pellets were then mixed with additional iPP in the hopper before film 

extrusion to reach the desired concentration of 0.1 wt.% QQ. This two-step process 

ensured good control over the QQ content in the β-iPP films and a uniform distribution of 

QQ β nucleator in the iPP. 

Dow H700-12 β-iPP films were extruded at a temperature of 210 °C, while films 

of the lower MFI Exxon grades were extruded at 250 °C. To promote the formation of β-

iPP by controlling the extruded film cooling rate, and thus crystallization behavior, the 

iPP was coextruded with a low density polyethylene (LDPE) sacrificial surface layer on 

each side of the iPP layer. This approach reflects guidance from a prior study which 

showed that in injection molded tensile bars, the core of the bar had a significantly higher 
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β fraction due to its slower cooling rate [3]. Each multilayered film was extruded from a 

14” film die in series with a chill roll operated at a constant temperature of 95 °C in close 

proximity to the die. Melt flow rates and roll take-up speeds were controlled and uniform 

between samples so that nominal film thicknesses of 100 μm and consistent 

crystallization conditions upon film cooling were achieved. Control iPP films were 

translucent and white, while the β-iPP films were translucent and yellow in color due to 

the addition of QQ. 

Test samples 8.5×8.5 cm in size were cut from the center of the extruded film for 

consistency of thickness, and the LDPE sacrificial layer was carefully peeled away to 

obtain β-iPP films. Each of the three grades of β-iPP films were subjected to three 

different thermal annealing treatments to produce nine unique precursor films varying in 

both iPP MFI and thermal history. After conditioning the films for at least two hours at 

room temperature (23 °C), films were maintained at 23 °C or annealed in an oven in air at 

either 130 °C or 140 °C for 30 minutes. The oven was allowed to equilibrate for several 

hours before annealing, and samples were placed in the same location. Previous studies 

demonstrated that any structural changes in films of the thickness used in this study are 

complete by the end of a 30 minute annealing process [4,5]. The samples were free-

standing during heat treatment, and they were allowed to cool to room temperature by 

leaving the oven door open. Control iPP films were maintained at room temperature after 

extrusion. All precursor films were stored in sealed plastic bags at room temperature until 

they were stretched or characterized.  

The nomenclature for films produced in this study is as follows. For β-iPP 

precursor films, the sample code is [MFI]M-[Tanneal]A-P, where, for example, 12M-23A-

P refers to a precursor film with an iPP MFI of 12 and an annealing temperature of 23 °C. 

Selected characteristics of β-iPP precursor films produced for this study are displayed in 
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Table 3.2. For biaxially stretched films, the sample code is [MFI]M-[Tanneal]A-[Tstretch]S, 

where 3.5M-140A-100S refers to a stretched film whose precursor had an iPP MFI of 

3.5, an annealing temperature of 140 °C, and a stretching temperature of 100 °C. 

Table 3.2. Selected Characteristics of β-iPP Precursor Films. 

Sample Code iPP Grade MFI (g/10 min.) Annealing Treatment ρ (g/cm
3
) 

12M-23A-P Dow H700-12 12 23 °C 0.900 ± 0.002 

3.5M-23A-P Exxon 2252 3.5 23 °C 0.904 ± 0.004 

2.1M-23A-P Exxon 1572 2.1 23 °C 0.902 ± 0.003 

12M-130A-P Dow H700-12 12 130 °C/30 min. 0.904 ± 0.003 

3.5M-130A-P Exxon 2252 3.5 130 °C/30 min. 0.906 ± 0.002 

2.1M-130A-P Exxon 1572 2.1 130 °C/30 min. 0.907 ± 0.001 

12M-140A-P Dow H700-12 12 140 °C/30 min. 0.902 ± 0.002 

3.5M-140A-P Exxon 2252 3.5 140 °C/30 min. 0.905 ± 0.003 

2.1M-140A-P Exxon 1572 2.1 140 °C/30 min. 0.902 ± 0.004 

Each of the β-iPP precursor films was biaxially stretched to generate porosity, as 

demonstrated in several other studies [6–10]. A Brückner Karo IV biaxial stretching 

device with temperature control was used to produce porous stretched films from the 

precursor films. To investigate the properties of annealed films in this study, such films 

were stretched to an elongation of 100% in the machine and transverse directions 

simultaneously at a rate of 100%s
-1

 and at a temperature of 100 °C. The exposure of as-

extruded samples to this temperature in the biaxial stretcher occurs for only 1 to 2 

minutes, minimizing any effect of thermal annealing. Other as-extruded and annealed 

precursor films were stretched at temperatures of 80 to 110 °C in 10 degree increments, 

and the samples were stretched at strain rates of 20, 100, and 500%s
-1

 to investigate the 

effect of processing conditions on pore formation. Stretched films were stored in sealed 

plastic bags at room temperature until they were characterized.  
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3.2.3 Differential Scanning Calorimetry (DSC) 

Thermal analysis of precursor and stretched samples was performed using a TA 

Instruments Q100 DSC. The DSC was calibrated for temperature using an indium 

standard. Measurements were taken on samples weighing around 7 mg, which were 

sealed in aluminum pans and purged with nitrogen gas during experiments. First heating 

scans were performed using a heating rate of 20 °C/min. from 40 to 100 °C and then 

heating from 100 to 200 °C at 10 °C/min. Samples were then cooled from 200 °C to 40 

°C at 20 °C/min. Second heating scans were performed using the same procedure as first 

scans. The initially faster heating rate was used to expedite the experiment and to limit 

the amount of time precursor films would spend under conditions not found in the biaxial 

stretching step. 

The fraction of crystallinity of a given type i (Xi) for a particular sample was 

calculated using the equation 

0

i

i

i
H

H
X




  (3.1) 

where ΔHi is the heat of fusion measured for an endotherm in a given sample 

corresponding to one of three crystalline iPP modifications (α, β1, or β2), and ΔH
0

i is the 

heat of fusion for a completely crystalline material of a particular modification. As 

reported elsewhere [11,12], ΔH
0

α = 177.0 J/g, and ΔH
0

β = 168.5 J/g, with ΔH
0

β used to 

characterize melting in both β1 and β2 endotherms. The sample crystallinity (Xc) was then 

determined as follows: 

21  XXXX c   (3.2) 

Stretched film properties are dependent upon the fraction of precursor Xc that is in the β1 

or β2 form, and this point will be discussed in more depth later. 
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3.2.4 X-Ray Diffraction (XRD) 

XRD experiments were performed on 3×3 cm precursor and stretched samples 

using a Scintag X1 diffractometer using CuKα radiation with λ = 0.154 nm. Scans were 

run in the range 2θ = 10-30° at a rate of 4°/min with an angle increment of 0.04°. The 

software package Jade (Materials Data Inc.) was used to generate best fits to peak areas 

and to account for background scatter. 

A widely used measure of the β crystalline content in iPP materials is the Turner-

Jones parameter, Kβ,H [13]. This parameter can be determined from XRD scans as 

follows: 






)130()040()110()300(

)300(
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  (3.3) 

where  H(300)β is the intensity of the equatorial β diffraction peak and H(110)α, H(040)α, 

and H(130)α are the intensities of the equatorial α diffraction peaks. A related parameter 

[14,15] using the areas corresponding to these peaks rather than their intensities will also 

be used in this study, and it will be referred to as Kβ,A. This parameter is only a relative 

measure of the amount of β material in a sample, and it should not be taken to represent 

the absolute quantity of β material [16]. Only equatorial peaks are used in this analysis 

because the (111)α and (301)β peaks are found near the same 2θ value, and their inclusion 

would make determination of relative α and β content difficult [17]. Sample crystallinity, 

Xc, can also be estimated from the ratio of crystalline peak area to the total peak area 

[17]. 

The relative size of the largest dimension of the β crystal, D300, can be estimated 

based on the peak broadening associated with the (300)β peak. This estimate is based on 

the Scherrer equation [10,18] as follows: 
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In this equation, λx is the x-ray wavelength, B300 is the (300)β peak width at half the 

maximum intensity, and θ is half the scattering angle. 

3.2.5 Film Thickness Determination 

Thicknesses of precursor and stretched films were measured using a Mitutoyo 

handheld micrometer and a Mitutoyo low-force micrometer, respectively. Prior to 

permeation testing, thickness measurements at five equally spaced points on the exposed 

membrane area were performed. 

3.2.6 Film Density and Porosity Determination 

Densities of precursor and stretched films were measured using the density kit for 

a Mettler Toledo Excellence balance. Pure water was used as the liquid medium for 

measurement. Samples were measured for wet and dry weight in triplicate and densities 

were calculated from these weights based on Archimedes’ principle. 

Precursor film densities were also estimated from DSC and XRD measurements, 

since both experiments yielded crystalline α and β content as well as amorphous content. 

These estimates were based on the equation 

aciPP XXX    )1(  (3.5) 

where ρ is density, and the subscripts “iPP” and “a” refer to bulk iPP material and 

amorphous phase, respectively. Densities of amorphous, α, and β-iPP material have been 

reported to be 0.852, 0.936, and 0.922 g/cm
3
, respectively [19]. 

The bulk porosity, Φ, of the stretched film was determined by tracking the 

reduction in density upon stretching a given precursor film. Porosity was calculated as 

follows: 
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 stretch  (3.6) 

where ρstretch is the stretched film density and ρ0 is the precursor film density. 

3.2.7 Scanning Electron Microscopy (SEM) 

Surface SEM was performed to examine pore formation resulting from stretching 

precursor films. Film cross-sections were prepared by cryo-fracturing following more 

than an hour of exposure to liquid nitrogen. Stretched films of 30-70 μm in thickness 

were sputter-coated with ~10 nm of iridium and images of representative areas were 

captured on a Zeiss SEM. 

3.2.8 Capillary Flow Porometry (CFP) 

Analytical services were provided by LabQMC, who used a Quantachrome 

Porometer 3Gzh for CFP to determine the size distribution of through-pores in stretched 

film samples. Dry stretched films were wetted with a proprietary fluorinated hydrocarbon 

(Porofil) having a low surface tension and vapor pressure, then placed into the CFP 

device. Differential air pressure, Δpair, was applied to the film until the force applied was 

great enough to overcome the capillary force in the largest pore (the bubble point) and 

expel the liquid. As pressure was further increased, the flow of air through the porous 

film was monitored, and liquid was expelled from decreasingly small pores until either all 

pores were dry or the pressure limit of the device had been reached. The accessed 

through-pore diameter, Dpore, was calculated using the equation for capillary pressure [20] 

air

liqliq

pore
p

D





)cos(4 
 (3.7) 

where γliq is the surface tension of Porofil, and θliq is the contact angle of the Porofil on 

the stretched film. Dpore values greater than 18 nm could be detected using this method. 
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To display histograms of pore size distributions, pressure and flow data were 

processed to show the fraction of pores present in a given size range (or bin), which was 

selected to be 0.5 nm. This bin size was selected because it provided a reasonable 

compromise between observing the distribution within a given sample and the changes in 

distributions between samples. For example, if bin sizes were too large, a given 

distribution would appear to occupy a single or small number of pore sizes, giving poor 

resolution of a given sample; if they were too small, a given distribution would appear to 

be flat over a large number of pore sizes, and would be difficult to differentiate visually 

from other distributions. 

3.2.9 Gas Permeability 

The permeabilities of pure N2 and He gases through stretched films were 

measured using a constant pressure, variable volume device described previously [21]. A 

schematic of this device is presented in Figure 3.1. 

 

Figure 3.1. Constant pressure, variable volumetric flow gas permeation system [21] 

used to measure the permeability of a single gas through high flux 

membranes. 

 Stretched films were masked with aluminum tape prior to placement in the 

permeation system, as outlined in Figure 3.2. 
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Figure 3.2. Scheme for masking polymer film samples to a specified area and mounting 

the sample into a Millipore filtration cell, which is used for gas permeation 

experiments. 

After masking, stretched films were placed into the permeation cell, the upstream 

side of the sample was exposed to flowing gas at test pressure, and the downstream side 

was maintained at atmospheric pressure. To ensure the purity of gas on each side of the 

sample, the upstream volume was purged five times, and permeation measurements were 

not started until five downstream volumes had passed through the stretched film. The 

volumetric flow rate of the permeate gas was measured using a bubble flow meter and a 

stopwatch. Permeability measurements were conducted in triplicate at several differential 

pressures from 5 to 30 psig (0.34 to 2.07 barg) at room temperature. The gas 

permeability, Pgas, was calculated as follows [22]: 
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where l is the film thickness. The exposed film area (0.32 cm
2
) is A, T0 is the standard 

temperature (273.15 K), T is the experiment temperature (295.15 K), patm is atmospheric 

pressure, p0 is the standard pressure (76 cmHg), Δp is the differential pressure across the 

stretched film, and (dV/dt)ss is the steady state volumetric flow rate of permeate gas. 

Permeability in this study is reported in Barrer, where 1 Barrer = 10
-10

 

cm
3
(STP)∙cm/(cm

2
∙s∙cmHg). 

 

3.3 EXTRUDED PEBAX SINGLE LAYER FILMS 

3.3.1 Materials Selection 

The properties of a commercially available series of polyether-block-amide (PE-

b-PA) copolymers produced by Arkema, Inc., PEBAX, were studied for MAP 

applications in this project. Because PEBAX is commercially available, the large 

quantities required for extrusion were readily procured in pellet form. The structures of 

the polymer blocks and that of the copolymer are presented in Table 3.3. 
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Table 3.3. Structure of PEBAX copolymers and constituent blocks. 

Polymer Structure 

PEBAX Block Copolymer 

 

Poly[imino(1-oxodo-decamethylene)] 

(PA = Nylon-12 / PA12) 

 

Poly(ethylene oxide) 

(PE = PEO) 

 

Poly(tetramethylene oxide) 

(PE = PTMO) 

 

All grades of PEBAX contain a Nylon-12 (PA12) polyamide block. Grades 

containing poly(ethylene oxide) (PEO) (1074, 3000) and poly(tetramethylene oxide) 

(PTMO) (1041, 1205, 2533) polyether blocks were obtained. The nomenclature for films 

produced in this study is as follows. [wt. % PE][PE]-PA12 is the sample code, where, for 

example, 80PTMO-PA12 is a PEBAX film containing 80 wt. % of the polyether PTMO 

by weight, and the polyamide block is PA12 (as it is for all samples in this study).  Basic 

properties of these polymers are presented in Table 3.4. 
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Table 3.4. Selected characteristics of PEBAX copolymers. 

PEBAX Grade PE Block 
Water Uptake 

(wt. %, 50% RH) 
ρ, g/cm

3
 Tm, °C 

1074 PEO 1.4 1.07 158 

3000 PEO 1.0 1.02 158 

1041 PTMO 0.9 1.04 170 

1205 PTMO 0.4 1.01 147 

2533 PTMO 1.2 1.00 134 

Values from Arkema Product Literature 

A related study [23,24] performed by research collaborators used the PEBAX 

xx33 series, which were block copolymers with a Shore D hardness “xx” and contain 

PTMO polyether blocks. Some of the results from that study will be compared with 

results obtained here to provide context. 

3.3.2 Film Preparation 

Pelletized PEBAX was spread out on trays in a vacuum oven and dried at 100 °C 

for at least 6 hours. The polyether block in PEBAX is hydrophilic and results in water 

uptake, which could generate water vapor in the extruder at high temperature and lead to 

problems with film quality and consistency. The drying step is, therefore, necessary to 

ensure that as little water remains in the polymer as possible prior to extrusion. Each 

grade of pelletized PEBAX was placed in a hopper and fed into the extruder. The 

extrusion temperature for each grade was 190 °C, and a 14” film die was used to extrude 

a uniform film onto a chill roll at 55 °C. The melt pump rate was set at a fixed value 

between grades, and the chill roll take-up rate was set to produce films between 25 and 

40 μm in thickness. Films were unwound from the roll and wound onto wax paper to 

prevent self-cling. The wound rolls were stored at room temperature until needed for 

further characterization. 

All films were clear in appearance, with visible extrusion die lines present on all 

samples. Films with a PEO polyether block tended to have a tackier feel than those with a 
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PTMO block, and films with higher polyether block contents were tackier than those with 

lower contents. For all characterization techniques, samples were taken from as close as 

possible to the center of the extruded film, and away from die lines. 

3.3.3 Elemental Analysis 

Analytical services provided by Galbraith Labs were used to determine the 

nitrogen content of PEBAX copolymers. As outlined previously [25], since the 

polyamide blocks present in PEBAX are the only part of the structure containing 

nitrogen, analysis of combustion products for nitrogen can be used to calculate the weight 

fraction of the polyamide block, PA12 in this case, and thus the polyether block weight 

fraction by difference. Transport properties in this class of materials are largely 

determined by the polyether content. The calculation of PA12 weight fraction is 

performed as follows: 

NN

PA
PA

MW

MW




/

12
12   (3.9) 

where MWPA12 is the molecular weight of a PA12 repeat unit (197 g/mol), MWN is the 

molecular weight of elemental nitrogen (14 g/mol), and ωN is the measured weight 

fraction of nitrogen from combustion analysis. 

3.3.4 Differential Scanning Calorimetry (DSC) 

Extruded film samples having masses between 10 and 12 mg were sealed in 

aluminum pans and placed in the DSC. First heating scans were performed by heating at 

5 °C/min from 40 to 200 °C. From this scan, the crystallinity of the PA block was 

determined as follows: 
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where ΔHPA12 is the measured heat of fusion of PA12, and ΔH
0

PA12 is the value for 

entirely crystalline PA12 (246 J/g) [25]. Samples were cooled at the same rate to -60 °C, 

and a second heating scan was performed at the same rate. Polyether Tg values were too 

low to be recorded, and the glass transition for the polyamide block in these materials is 

typically too weak to be detected. Other studies indicate that they are present at 

approximately 65 to 75 °C [26]. Tm values for the PE and PA blocks were collected. 

3.3.5 Film Thickness Determination 

The thicknesses of extruded PEBAX films were determined using a Mitutoyo 

handheld micrometer. Prior to permeation testing, thickness measurements at five equally 

spaced points on the exposed membrane area were performed and averaged. 

3.3.6 Gas Permeability 

Extruded PEBAX films were measured for gas permeability using two rapid 

screening techniques. Films were masked using a method similar to that presented 

previously, and they were then measured for O2 permeability using a Mocon Ox-tran 

device. For CO2 permeability, a Mocon Permatran-C device was used. These permeation 

systems use coulometric or infrared detection techniques [27,28], respectively. A test gas 

is flowed past the upstream face of the membrane, and a sweep gas carries the permeate 

from the downstream face of the membrane to the detector. The system is operated at 

atmospheric pressure, so the permeability of membranes cannot be tested at higher partial 

pressures. Additionally, test temperatures are limited to room temperature (23 °C) with 

this technique. Because these systems are fully automated, they require little attention to 

obtain basic permeation properties. 

A more traditional technique to measure permeability was also used to obtain 

more detailed permeation properties. After masking the film as shown in Figure 3.2, a 
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constant volume, variable pressure system, depicted in Figure 3.3, was used to measure 

the permeability of extruded PEBAX membranes. These measurements were performed 

over a variety of upstream applied pressures of CO2, O2, and N2, and at temperatures 

ranging from 5 to 35 °C. The system was operated by evacuating the volume downstream 

of the membrane in the permeation cell using a vacuum pump, and applying a fixed test 

gas pressure to the upstream face of the membrane. The temperature of the membrane 

was controlled using a water bath, and the temperature of the downstream volume was 

enclosed in an insulated box fixed at 35 °C. Once enough time passed for the flux 

through the membrane to have reached steady state, the line to the vacuum pump was 

closed. The rate of pressure increase in the downstream volume was monitored and used 

to calculate the number of moles of gas transported through the membrane over time 

using the ideal gas law. This technique is not dependent upon the proper calibration and 

operation of detector-based systems like Mocon devices. In all cases, the driving force 

did not change significantly during the course of the experiment because the upstream 

ballast volume was large, and the pressure of the downstream volume never exceeded 10 

torr, which was a small fraction of the pressure in the upstream. This information was 

then coupled with the membrane thickness and area to calculate the permeability of the 

test gas at a fixed temperature and upstream pressure [29]. 

Because of the potential for CO2 to plasticize membranes, which leads to 

increased gas permeability and decreased gas pair selectivity, the gases were tested in the 

following order: N2, O2, CO2. 
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Figure 3.3. Constant volume, variable pressure gas permeation system [30] used to 

measure the permeability of a single gas through low to moderate flux 

membranes. 

 

3.4 COEXTRUDED MULTILAYERED Β-IPP/PEBAX FILMS 

3.4.1 Materials Selection 

A grade of iPP (Dow H7012-35RN) with lower viscosity (MFI = 35) than the 

other iPP samples considered earlier was selected for multilayering with the highest 

permeability PEBAX sample, PEBAX 2533, to coextrude multilayered films suitable for 

modified atmosphere packaging applications. This grade of iPP was selected to ensure a 

viscosity match between the β-iPP and PEBAX 2533 during coextrusion. 

3.4.2 Film Preparation 

The multilayered membranes characterized in this project were coextruded at 

Case Western Reserve University using their microlayering coextrusion system. This 
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device is capable of splitting and stacking flows of polymer melt an arbitrary number of 

times using layer multiplication elements to create as many layers as desired. It is typical 

to produce multilayered films with hundreds or even thousands of layers at layer 

thicknesses under 100 nm. A schematic of this approach is shown in Figure 3.4 [31]. 

 

Figure 3.4. Coextrusion process used to produce multilayered membranes. In the AB 

feedblock configuration, two rheologically compatible polymers are 

combined in the melt, using n layer multiplication elements to produce 2
(n+1)

 

layers. The AB feedblock delivering the polymer melt can also be 

exchanged to an ABA feedblock so that 2
(n+1)

 +1 layers are produced. 

Outside skin layers may also be introduced after layer multiplication is 

complete. 

In this study, the coextruder was fitted with the ABA feedblock, producing 2
(n+1)

 

+1 layers. These multilayer films were produced at compositions of 10 and 30 vol. % 

PEBAX. These low concentrations of PEBAX were selected to minimize the total 

thickness of the layer (or layers) intended to provide the most resistance to mass transfer. 

Two different layer configurations were examined: 

 

1. 3-layer films, with two layers of PEBAX sandwiching a single β-iPP layer; 

2. 17-layer films, with nine layers of PEBAX sandwiching eight β-iPP layers. 
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In the first case, the ABA feedblock was used to directly produce a 3-layer film. In the 

second case, three layer multiplication elements were used in concert with the ABA 

feedblock to increase the number of layers of PEBAX present. It was hypothesized that 

increasing the number of layers might decrease the possibility that defects in any given 

layer would significantly diminish the separation performance of the composite 

membrane. The nomenclature for these films is [Layers]L-[vol. % PEBAX], where, for 

example, 3L-10 is a multilayered film with three total layers and 10 vol. % PEBAX in the 

film. Films were extruded at 190 °C, like the PEBAX single layer films, and at a nominal 

thickness of 100 μm. 

Test samples 8.5×8.5 cm in size were cut from the center of the extruded film for 

consistency of thickness, and they were subjected to biaxial stretching at 100 °C and 100 

%s
-1

. 3L-30 films were stretched at draw ratios of 1.6, 1.8, 2.0, and 2.2. These films were 

tested for permeability at the University of Texas using a constant volume, variable 

pressure device. Additional films of the 3L-10, 3L-30, 17L-10, and 17L-30 types were 

stretched at a draw ratio of 2.0. 3L-10 films underwent thermal annealing at 140 °C for 

30 min. and were stretched at a draw ratio of 2.0 for comparison to as-extruded films. 

These additional films were tested for permeability by our collaborators at Case Western 

Reserve University using Mocon devices. 

Landec Intellipac MAP composite membranes were obtained for comparison to 

PEBAX-based materials in this study. These membranes were measured for thickness 

and tested for permeability using the constant volume, variable pressure technique. 

3.4.3 Film Thickness Determination 

Multilayer film thicknesses were determined as described for single layer PEBAX 

films. The total thickness of a single component is estimated to be the volume fraction of 
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that component multiplied by the multilayered film thickness. To estimate the thicknesses 

of single layers in the films, the total thickness of a single component is divided by the 

number of layers of that component. 

3.4.4 Scanning Electron Microscopy (SEM) 

SEM of cross-sections was performed to confirm the expected multilayer 

structure was intact after the extrusion and stretch process. 

3.4.5 Gas Permeability 

Gas permeability was measured using Mocon devices and constant volume, 

variable pressure techniques described for single layer PEBAX films. 

3.4.6 Modeling of MAP Performance 

The performance of multilayered films in achieving suitable atmospheric 

compositions in a produce package was modeled using techniques developed previously 

in our laboratories [32,33]. In particular, headspace gas compositions achieved when 

packaging a standard quantity of apples at various temperatures were examined, and the 

required membrane area was calculated. These calculations were performed under the 

simplifying condition that package pressure is constant. 
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Chapter 4. Porosity Enhancement in β Nucleated Isotactic 

Polypropylene Stretched Films by Thermal Annealing 

 

4.1 SUMMARY 

Microporous polymer membranes were fabricated by extrusion, thermal 

annealing, and subsequent biaxial stretching of β nucleated isotactic polypropylene. 

Fabrication conditions were optimized based on prior studies so that the influence of 

annealing on precursor film crystallinity and pore formation in such films upon stretching 

could be investigated. Annealing perfected the crystalline structure of these materials, as 

evidenced by thermal and x-ray techniques. A mechanism detailing the annealing and 

pore formation process during biaxial stretching is presented. An appropriate metric was 

developed to relate the crystallinity of the precursor films to the porosity of the films after 

biaxially stretching. The porosity developed in biaxially stretched films increased 

substantially when its precursor was annealed near the melting temperature of β 

crystalline material, enabling the production of high permeability microporous 

membranes. 

                                                 
  This chapter has been adapted with permission from the following article: 

G.T. Offord (author, primary experimentalist), S.R. Armstrong (editor, sample preparation), B.D. 

Freeman (editor), E. Baer (editor), A. Hiltner (editor), J.S. Swinnea (XRD experiments), D.R. Paul 

(editor)., Polymer. 54 (2013) 2577–2589. 
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4.2 RESULTS AND DISCUSSION 

4.2.1 β-Crystallinity in Precursor and Stretched iPP Films 

Thermal analysis of precursor and stretched β-iPP films was performed by DSC. 

These experiments provided insight about the populations of crystals in a given film as 

they melted during the scan. The evolution of the crystalline material in precursor films 

for each of the three annealing conditions was tracked, and further changes in the 

crystalline material were observed as the films were stretched. Several key properties 

arising from the crystallinity of the precursor films are presented in Table 4.1.  

Table 4.1. Selected Crystalline Properties of β-iPP Precursor Films Determined by 

DSC. 

Sample Code Tm(β1) (°C) Xc Kβ,DSC Xβ1/Xc Φβ1 ρDSC (g/cm
3
) 

12M-23A-P 141.8 0.65 0.50 0.249 0.158 0.902 

3.5M-23A-P 143.8 0.61 0.47 0.298 0.176 0.899 

2.1M-23A-P 143.6 0.58 0.43 0.299 0.169 0.897 

12M-130A-P 143.3 0.62 0.48 0.342 0.207 0.900 

3.5M-130A-P 144.9 0.60 0.46 0.378 0.219 0.898 

2.1M-130A-P 144.6 0.58 0.42 0.374 0.213 0.898 

12M-140A-P 143.7 0.66 0.49 0.371 0.240 0.903 

3.5M-140A-P 145.9 0.73 0.50 0.430 0.307 0.908 

2.1M-140A-P 145.1 0.70 0.48 0.409 0.279 0.906 

Heat flows measured during first heating DSC scans of precursor films are 

presented in Figure 4.1. In each precursor film scan, distinct melting peaks for β1, β2 and 

α endotherms were observed. Double β peaks, seen in the form of β1 and β2 endotherms, 

are typical of polymorphic β-iPP. These peaks occur when the polymer has been 

crystallized at temperatures below 125 °C, and are due to the instability of the β1 crystals 

formed at high cooling rates and their propensity to recrystallize to β2 [1–3]. This 

phenomenon has also been seen to occur during nonisothermal crystallization [4], as is 

used in this study. 
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Figure 4.1. DSC first heating scans of: a) precursor films extruded from β-iPP having a 

MFI of 2.1, 3.5, and 12 that were then annealed at 23 °C (as-extruded), 130 

°C, and 140 °C for 30 minutes, and accompanying scans for b) microporous 

films produced by biaxially stretching these precursor films at 100 °C. 

Thermograms are displaced vertically for ease of viewing, and significant 

melting peaks corresponding to β1, and β2 and α endotherms are labeled. 
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Melting peak temperatures for β1 material in the precursor films increased with 

increasing annealing temperature, as shown in Table 4.1. The nonisothermal 

crystallization of β-iPP was achieved with temperatures at or above the chill roll 

temperature of 95 °C, and films were cooled to room temperature before characterization. 

Thus, the critical temperature of recooling (100 to 110 °C) [5] was reached in all samples. 

This temperature is defined as that below which α nuclei are formed in the β phase, 

resulting in α recrystallization during β melting. This bears mentioning here, because 

recooled samples that are then annealed below the melting temperature of the β1 material 

exhibit greater stability and a correspondingly higher melting point for the β1 material [6], 

consistent with observations in this study. At a given annealing temperature, melting peak 

temperatures observed were about 2 °C lower in 12 MFI iPP precursors than in the two 

lower MFI iPP precursors. Few studies examine the effect of iPP homopolymer MFI on β 

crystal melting peak temperature, but two related papers by Varga et al. show that a 5.5 

MFI iPP has a melting temperature about 1 °C lower than that of a 0.76 MFI iPP [1,2]. 

This result was obtained under controlled crystallization conditions, contrasting with 

crystallization during extrusion and chill roll take-up used in this study. Precursor 

annealing temperature did not influence the melting peak temperatures of β2 (Tm = 150 

°C) or of α (Tm = 166 °C) material, but 12 MFI iPP precursors exhibited a peak at about 

165 °C, roughly 1 °C lower than the two lower MFI iPP precursors. The lower melting 

temperatures observed in the 12 MFI iPP can be attributed to the reduced chain 

entanglement that accompanies lower molecular weight. Observed melting temperatures 

were consistent with similar materials previously studied [7,8].  

The sizes of the β1, β2 and α endotherms associated with the melt-recrystallization 

processes occurring during the first heat were used to calculate most of the properties in 

Table 4.1. Because of the melt-recrystallization that occurs in polymorphic β-iPP during 
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the heating scan, the calculated crystallinity, Xc, may not be equal to the crystallinity of 

the precursor film just after the annealing step. It is more useful to observe the 

crystallinities Xi individually to track changes in β-iPP materials as they are annealed. A 

quantity analogous to Kβ,A for XRD measurements can be defined as follows: 

c

DSC
X

XX
K 21

,






  (4.1) 

which is meant to provide a measure of the relative content of β-crystalline material in 

the film [9]. A technique employing simultaneous DSC and XRD of polymorphic β-iPP 

has been previously performed to decouple melting and crystallization of the α and β 

crystalline material [8,10], but the results of this study can be interpreted using simpler 

techniques. As the annealing temperature is increased, there is no apparent trend in either 

the calculated precursor Xc or Kβ,DSC, although there is a slight increase in Xc at an 

annealing temperature of 140 °C. The most apparent effect of increasing the precursor 

annealing temperature was an accompanying enlargement of the β1 endotherm and a 

decrease in β2 endotherm size. The size of the α endotherm remained relatively constant 

across all annealing treatments, likely due to the ability of the β crystals to melt and then 

recrystallize to α phase crystals in samples cooled below the critical temperature of 

recooling [5]. This effect is especially pronounced when the sample undergoes 

crystallization at a large supercooling [6,11,12], and in this study, crystallization was 

performed at a large supercooling and the final crystallization temperature was below the 

critical temperature of recooling. Recrystallization may mask any change in the amount 

of α material present prior to annealing. The slight increase in calculated Xc at an 

annealing temperature of 140 °C results from a greater increase in β1 endotherm size than 

the corresponding decrease in β2 endotherm size.  
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The evolution of the β endotherms as annealing temperature increases proceeds in 

the following way. Initially, a low temperature “shoulder” in the endotherm develops as 

the β1 melting peak is approached, and it is accompanied by both an increase in peak heat 

flow and area in the β1 region and a decrease in β2 peak heat flow and area. When 

annealing temperature is further increased, the shoulder develops at temperatures closer 

to the β1 melting peak, and it eventually disappears as it is incorporated into an 

increasingly smooth β1 endotherm. The β2 endotherm concurrently decreases in size and 

becomes a shoulder to the β1 endotherm. Similar behavior has been reported previously, 

and it can be reasonably characterized as the perfection of the β crystal structure [13]. 

The β1 endotherm grows due to an increased size and quantity of β crystals, and the β2 

endotherm decreases in size due to the higher melting point of the β1 endotherm and the 

resulting smaller window to recrystallize to the β2 form [14]. The melting peak elevation 

of the β1 endotherm provides additional evidence for the growth of β crystals upon 

annealing. 

In the case of films annealed at 130 °C, the onset temperature of the shoulder 

peaks differ from one film to the next, with a range of about 125 to 131 °C. The onset 

temperature is related to the annealing temperature [15], which could indicate that the 

true annealing temperature deviates from the reported temperature. Since the deviation is 

small, we believe the results are not significantly affected. 

Precursor films extruded from 12 MFI iPP showed less development of the β 

endotherms than the higher MFI precursor films at all annealing temperatures. In the case 

of the 12M-140A-P film, the annealing temperature was sufficiently close to the peak 

melting temperature of the β1 endotherm (Tm(β1) = 141.8 °C) that the development of 

larger β crystals with higher melting temperatures may have been impeded. A less 

perfected crystal structure compared to lower MFI films may explain the remaining 
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shoulder at a temperature below the β1 melting peak as well as the more pronounced β2 

endotherm in the 12M-140A-P film.  

Contrary to other studies that examine similar extruded β-iPP materials [16], the 

precursor film density calculated from an additive model of the constituent phases based 

upon crystalline contents determined by DSC, ρDSC, which is shown in Table 4.1, differs 

by less than one percent from precursor density measured directly. Thus, for the materials 

examined in this study, the simple model of material composition involving only 

amorphous and α and β crystalline material is consistent with the actual material 

composition. Because of the possibility of “double counting” crystalline material as it 

recrystallizes to both the α and β phases, these values should be considered less reliable 

than those obtained by XRD. 

First heating scans on biaxially stretched films corresponding to the precursor 

films discussed above are also presented in Figure 4.1. Very weak (if any) β1 melting 

peaks and strong α melting peaks were observed. Compared to precursor films, the 

melting peak temperatures of the β1 and α endotherms were depressed by about 1 °C. 

Previous studies show that mechanical deformation of β-iPP can destroy β crystals [17], 

result in a rearrangement from β to α crystalline material [3,6,11,17,18], or have both a 

destructive and transformative effect. A reduction in crystal size resulting from these 

processes may account for the observed decrease in melting peak temperatures upon 

stretching. The change in size of these endotherms is also consistent with these crystal 

phase rearrangements. In films where the precursor was stretched without further 

precursor annealing, no β1 endotherm was detectable, while higher temperature annealing 

of precursors resulted in a small amount of residual β material appearing in the β1 

endotherm. Thus, the β material was indeed either destroyed or transformed, and this 

process occurred to a greater extent when the β crystals had been less perfected through 
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the annealing process. The size of the α endotherm was increased upon stretching in all 

cases, which is possibly evidence of either a strain-induced transformation from β to α, 

recrystallization to α during the scan, or both. The onset of the α endotherm also occurred 

at a lower temperature than precursor films. The lower temperature onset could indicate 

either a lower melting temperature for some of the newly formed α crystals or the 

formation of a small β2 endotherm that cannot be distinguished from the α endotherm. 

Low β nucleator concentration is one potential cause of the instability that results 

in double peaks observed in the precursor first heating scans [2]. Second heating scans of 

both precursor and stretched samples (not shown) were nearly identical to one another, 

featuring a single large β endotherm at about 150 °C and a diminished α endotherm at 

about 166 °C. The single β endotherm observed in the second heat scan demonstrates that 

the crystallization process, not the nucleator concentration, most likely contributes to the 

double β peaks in the first scans [19].  Crystallization conditions induced by the extrusion 

and annealing process always led to double peaks and were a significant factor 

influencing the performance of the porous films produced by stretching in this study. 

Characteristic reflections of α and β crystals in precursor films and stretched films 

were generated by using XRD techniques frequently employed for characterization of 

similar β-iPP materials [18,20–22]. Compared to DSC analysis, XRD permits the 

quantification of crystalline material without thermal transitions as confounding factors. 

Solvent extraction and depolarized light intensity methods have also been used [21] to 

quantify β content, but these were not considered here because they are time-consuming 

techniques, and are not as prevalent in the literature as XRD. The effect of annealing on 

precursor film crystalline content and the effect of the stretching process on the 

crystalline material can then be more clearly understood relative to DSC alone. Table 4.2 
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summarizes some of the key properties calculated from diffraction patterns of precursor 

films. 

Table 4.2. Selected Properties of β-iPP Precursor Films Determined by X-Ray 

Diffraction. 

Sample Code D300 (nm) Xc Kβ,H Kβ,A ρXRD (g/cm
3
) 

12M-23A-P 41 0.68 0.99 0.98 0.900 

3.5M-23A-P 42 0.68 0.99 0.95 0.900 

2.1M-23A-P 42 0.70 0.99 0.95 0.902 

12M-130A-P 45 0.64 0.97 0.93 0.898 

3.5M-130A-P 43 0.72 0.98 0.91 0.903 

2.1M-130A-P 44 0.74 0.97 0.91 0.904 

12M-140A-P 48 0.71 0.97 0.90 0.903 

3.5M-140A-P 46 0.73 0.93 0.86 0.904 

2.1M-140A-P 53 0.71 0.95 0.89 0.903 

Diffraction peaks for the MFI 2.1 precursor and stretched films are presented in 

Figure 4.2. There were no significant differences between the patterns from these films 

and those from higher MFI iPP materials, so for brevity only the MFI 2.1 patterns are 

shown. 

The K value and double peak behavior can be altered by varying β nucleator 

content [2,22]. One study reported a maximum in K value using iPP with an MFI of 8, 

but this effect was observed at a very low β nucleator loading (0.1 – 0.3 ppm) and a low 

K value (below 0.6) was attained [22]. As β nucleator content was increased, the 

sensitivity of K to MFI decreased, consistent with another study where, at still higher 

nucleator content, no effect was observed [2]. In this study, the influence of iPP MFI on 

precursor crystallinity appears to be confined to the stability of the β crystalline material 

present, since no effect on the amount of β material or precursor K value was observed in 

XRD experiments. 
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The (300)β diffraction peak was found at about 2θ = 16.1°, and the (110)α, (040)α 

and (130)α peaks were found at 2θ = 14.2, 17.0 and 18.6°, respectively, consistent with a 

prior study [7]. Two metrics characterizing β crystalline content by XRD are Kβ,H and 

Kβ,A, and they are recorded for precursor films in Table 4.2. The former is calculated 

using the intensity of equatorial β peaks in a pattern, while the latter is based on the area 

of those same peaks. The originally conceived [20] and most widely used K value is Kβ,H, 

but for consistency with the presentation of Xc, which is calculated based on the ratio of 

crystalline peak area to total area, Kβ,A will be primarily used for analysis and also 

presented alongside Kβ,H. This approach has the additional advantage of generating a 

broader range of K values, since the peak intensity is much greater for (300)β than for the 

α peaks. 
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Figure 4.2. XRD patterns of Exxon 1572 (MFI 2.1) β-iPP precursor films annealed at 

23 °C (as-extruded), 130 °C, and 140 °C for 30 minutes (top scans) and 

accompanying patterns for these films stretched at 100 °C (bottom scans). 

Significant reflections corresponding to α and β peaks are labeled, and 

patterns are displaced vertically for ease of comparison. 

Studies on crystallization of β-iPP have compared the growth rates of α and β 

crystals as a function of temperature within a temperature window of 105 to 140 °C, 

where the growth rate of β crystals is faster than that of α crystals [6,11]. Crystallization 

behavior in β-iPP assists in rationalizing the XRD results. The two annealing 
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temperatures selected in this study were situated in the temperature window where β 

grows more rapidly than α to ensure β material remained available to induce pore 

formation. Precursors annealed at 130 °C correspond to samples annealed at the same 

temperature in another study [13] that resulted in the maximization of both the fraction of 

β material and impact strength. The maximum temperature where the growth of β 

material is preferred to α is 140 °C, so a significant loss of β material during precursor 

annealing is avoided if this temperature is not exceeded. 

Analysis of XRD patterns from precursor films show that the total amount of β 

crystalline material decreased slightly with increasing annealing temperature, while the  

total amount of α crystalline material increased substantially with increasing annealing 

temperature. This can be verified by noting that the value of Xc is relatively stable as 

annealing temperatures are increased, while both Kβ,H and Kβ,A values decrease with 

increasing annealing temperature. The balance crystallinity must then be made up of 

crystalline material in the α phase. The decrease in β material observed when annealing at 

140 °C is likely due to some degree of melting of β and recrystallization to α arising from 

the instability of low-melting β material, and exposure to an annealing temperature where 

the growth of β is only slightly preferred to α. A smaller change along these lines is 

apparent at 130 °C, where α growth is not as strongly preferred as at 140 °C. 

The growth of α content with increasing annealing temperature is anticipated by 

the decline in β content. The amount of growth of the α content, however, is too great to 

be accounted for by only the transformation of β to α during annealing. The value of Xc 

increases slightly even as Kβ,A decreases, indicating an excess growth of α material that 

must be explained by some other mechanism. The increase in both α material and Xc 

likely results from the transformation of semi-ordered smectic iPP to ordered α 

crystalline PP, which is known to occur in iPP that has been rapidly cooled and then heat 
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treated above 80 °C [23], similar to the thermal history of samples used in this study. 

Precursor density values calculated from crystalline composition, ρXRD, are within the 

uncertainty of the directly measured density values. 

Patterns from films biaxially stretched at 100 °C are also shown in Figure 4.2. 

Significant α and β diffraction peaks did not change position relative to precursor film 

scans, but large changes in intensity were observed. For all precursors and annealing 

conditions, the intensity of the (300)β reflection was reduced by more than 90% after 

stretching. This observation, along with DSC first heat scans which show the near-

complete disappearance of β1 endotherms, provides evidence supporting a large scale 

destruction of β material upon stretching. Prior studies show a similar large reduction in 

the K value of β-iPP films upon stretching uniaxially [16,18,24] or biaxially [16,25] 

under comparable crystallization conditions. The change in α material is also readily 

apparent, with all equatorial α reflections increasing in intensity relative to precursor 

films. This increase is consistent with the idea that α crystals form upon deformation of 

β-iPP films [24]. Additionally, the XRD measurement is not confounded by the potential 

recrystallization to α caused by the temperature ramp used in thermal analysis, which 

made it difficult to confirm the growth of α material induced by stretching. 

An interesting outcome of stretching films that were annealed under different 

conditions is that XRD patterns of these films do not display systematic patterns based on 

their annealing treatment or iPP MFI. Thus, trends existing in precursor films, such as the 

increase in α material (or decrease in K value) with increasing annealing temperature, do 

not persist after stretching. There are several reasons for the inability to identify trends in 

post-stretch patterns. First, the α material formed during stretching is much greater in 

quantity than that found in precursors prior to stretching. Second, existing α material may 

be lost during stretching, even as new α material is formed. Third, the amount of 



 66 

additional α material formed is related to the existing quantity and stability of β material, 

which differs between films having different annealing treatments. The situation is much 

the same for DSC first heating scans of stretched films, although in that case there are 

some subtle systematic differences in the β phase resulting from precursor annealing 

conditions. Overall, the morphology present in extruded precursor films is disrupted by 

the biaxial stretching process, which simultaneously induces pore formation and thereby 

reduces organization of the remaining crystallinity and alters XRD reflections. Due to the 

difficulty of differentiating measures of crystallinity after stretching, it seems likely that 

the change in crystallinity during stretching or even the precursor crystallinity itself may 

be a more effective predictor of stretched film properties than the crystallinity of 

stretched films. 

The annealing process has a large influence on the composition and stability of 

crystalline structures in β-iPP films. Figure 4.3 illustrates the effect of annealing 

temperature on the size of β crystals in precursor films using two independent metrics. 

First, DSC was used to determine the peak melting temperature of the initially formed 

crystals in the β1 endotherm, Tm(β1) (Table 4.1). The melting temperature of crystalline 

polymers increases with increasing crystal size, and β crystalline material is no exception 

[11]. Second, XRD was used to observe the peak broadening of the (300)β reflection 

(Table 4.2), which can be related to the size of the largest dimension, D300, of the β 

crystals in the sample using the Scherrer equation (Equation 3.4). Compared to precursor 

films that have not been annealed, both Tm(β1) and D300 increase with increasing 

annealing temperature. This increase in both measures strongly indicates that β crystals 

grow in size when annealed at 130 and 140 °C, which is consistent with the idea that the 

annealing process perfects the β crystalline material. The size of the β1 endotherm also 

increases with annealing, indicating that crystal growth, and not only the formation of 
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new β crystals, is a likely driver of increased β material in annealed films. Other studies 

[18,26] have found D300 values of 18 – 35 nm for β crystalline materials, with little effect 

seen for either crystallization temperature or β nucleator concentration on D300. The 

observed increase in crystal size in this study is a large effect, with D300 increasing by 10 

to 25% over the course of annealing from an initial size of about 40 nm. 
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Figure 4.3. Growth of β crystal size as indicated by increase in β1 melting peak 

temperature determined by DSC, and the increase in the largest β crystal 

dimension as calculated from the Scherrer equation based on observed XRD 

(300)β peak broadening, both as a function of precursor film annealing 

temperature. Results are shown for MFI 2.1 (,), MFI 3.5 (,) and 

MFI 12 (,) films. 

The general trend in K value presented previously for DSC and XRD analyses is 

as follows: Kβ,DSC showed no appreciable trend with precursor film annealing temperature 

(Table 4.1), and Kβ,A decreased with increasing annealing temperature (Table 4.2). The 

more likely explanation for this discrepancy lies in the counting of the β2 endotherm from 
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melt-recrystallization of the initially formed β material during the DSC scan in the 

calculation of Kβ,DSC. Since the formation of the β2 endotherm occurs due to externally 

imposed heating not present in XRD measurements, it is reasonable to develop a metric 

based on DSC measurements that only considers the initially formed β1 material so that 

results from the two techniques may be compared on an equivalent basis. One prior 

metric proposed by Bai [13] with a definition nearly identical to Kβ,DSC was developed to 

compare DSC and XRD analyses, but it was used to examine annealed β-iPP materials 

that did not exhibit double peak behavior. A comparison in this study between three 

measures of β crystallinity from DSC scans and Kβ,A for all precursor films is shown in 

Figure 4.4. The behavior of Kβ,DSC is uncorrelated with Kβ,A, as would be expected from 

the prior discussion detailing the melt-recrystallization of β to α. The fraction of total 

crystallinity in the β1 phase, Xβ1/Xc, is strongly correlated with Kβ,A. Interestingly, it is a 

negative correlation, with the fraction of β1 material measured growing with increasing 

annealing temperature while Kβ,A decreases. Through the annealing process, β material is 

perfected, resulting in a growth in crystal size (Figure 4.3) reflected in the growth of the 

β1 endotherm and thus the increase in Xβ1/Xc. The β material initially formed during the 

rapid cooling present in extrusion and take-up of the film is also composed of relatively 

small and less stable crystals, and thus is also more subject to conversion to α crystalline 

material. The growth of some β crystalline material and the conversion of less stable β 

material to α must proceed concurrently to explain these opposite trends and their high 

degree of correlation. 

One shortcoming of the measure Xβ1/Xc is that Xc necessarily contains Xα. Since 

the measure of α crystallinity can be influenced by recrystallization to α after the melting 

of β crystals in the DSC scan, a more robust measure of β1 content would avoid the 
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inclusion of Xα. One possible alternative measure is the volume fraction of β1 (Table 4.1) 

in the precursor films, which can be simply calculated as follows: 

11

0









X  (4.2) 

This measure is also well-correlated with Kβ,A, so it tracks Xβ1/Xc quite closely, shown in 

Figure 4.4. This is likely because calculated Xc does not change significantly during 

annealing, and it is therefore acting only as a scaling factor on Xβ1. Pore formation in 

stretched β-iPP films may also be related to this quantity, which will be explored in the 

following section. 
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Figure 4.4. Several measures of precursor film β crystallinity determined by DSC as a 

function of Kβ,A from XRD patterns. Values are plotted for Kβ,DSC (), 

crystalline fraction in β1 state (), and volume fraction of β1 material () in 

the films. Dashed lines are best fits meant to guide the eye. 

4.2.2 Pore Formation by Stretching in β-iPP Films 

The previous section discussed the modification of several β-iPP precursor film 

parameters (crystallinity Xc, β fraction Kβ,A, size of β crystals D300) by varying the 

starting iPP MFI and precursor film annealing temperature. The method by which β-iPP 

materials mechanically deform is dependent upon each phase present (α, β, smectic, 



 72 

amorphous) and how the crystallization and annealing conditions to which they have 

been previously exposed influence the morphology and amount of these phases. During 

stretching, iPP is deformed by the separation of crystalline lamellae, by shear forces 

between lamellae, and by slip along the glide planes of a given lamella [27,28]. This 

deformation can also be accompanied by a phase transformation from β to α [20]. The 

lamellar structure of α crystalline material is a relatively unusual cross hatched 

configuration of radial parent lamellae and tangential daughter lamellae, while the β form 

is structured more conventionally in the form of parallel, stacked lamellae [11]. The 

deformation modes are then influenced by these differing lamellar structures. A number 

of prior studies have used mechanical testing and other techniques to evaluate why β-iPP 

materials exhibit superior toughness and impact strength relative to neat iPP, and how 

this difference in properties is related to its deformation behavior. 

One key difference between the two modifications is an increased tendency for β-

iPP to cavitate as part of its deformation process during stretching relative to neat iPP 

[17,29]. This behavior is seen generally in semicrystalline polymers, and it occurs during 

elongation when stress transmitter density near lamellae is inadequate to cause lamellar 

shear, instead resulting in cavitation [30]. However, because β-iPP materials exhibit a 

phase transformation from β to α or from β to smectic when stretched, the accompanying 

change in density was thought to be the primary cause of pore formation [17]. More 

recent studies found that the initial pore formation upon stretching of β-iPP films, which 

occurs before the yield point, is a result of the decoupling between β lamellae and weakly 

bound adjacent amorphous material [18,24]. This cavitation begins as lamellae separate 

during stretching of β-iPP, as the mobility of the amorphous phase is not restricted by 

cross-hatched α structures [29]. Amorphous tie chains are also less abundant in β-iPP 

than in neat iPP, and this lack of stress transmitters facilitates the decoupling, presenting 
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a picture in line with cavitation in other semicrystalline polymers [13]. When iPP is 

exposed to shear forces during drawing that occur due to the inhomogeneity of the 

material, interlocked α lamellae resist rotation [31]. Lamellae in the β phase rotate 

perpendicular to the drawing direction as strain is increased, however, and this rotation 

contributes to pore formation by assisting in the separation of lamellae [24,32]. After this 

initial cavitation, continued drawing results in enlargement of previously formed cavities, 

a phenomenon reflected in prior studies [16,25]. These processes are outlined in a general 

schematic presented in Figure 4.5. 
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Figure 4.5. Physical changes in amorphous, interphase and crystalline regions during 

annealing and subsequent biaxial stretching of β-iPP. As-extruded films (a) 

are annealed, which result in larger lamellae of β crystalline material and 

reduced tie chain density between lamellae (b). When annealed films are 

biaxially stretched, lamellae rotate so they are perpendicular to the drawing 

direction, initial cavitation occurs between already perpendicular large β 

lamellae as they separate, while smaller lamellae shear (c). As stretching 

continues, initially formed cavities develop into larger pores as lamellae 

further separate, less stable β lamellae begin to transform to the α phase, and 

stress-induced lamellar breakup begins (d). 
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Aside from pore formation by reorientation of existing β crystal structures, phase 

transformation during stretching influences the porosity of these materials. The 

transformation from β to α occurs after the yield point during drawing [32,33], so this 

process is only related to changes in porosity after it is initially generated. This 

transformation may be induced thermally, but only those produced by mechanical 

drawing are correlated with changes in porosity [18]. While the existence of the β to α 

transformation is apparent, its mechanism remains a contentious matter. At low 

temperatures, stretching results in a β to smectic transition, while at higher temperatures 

where α crystallization is more favored, β to α transformation occurs [24]. Both types of 

crystals are arranged in the same 31 helical conformation, but the β form is packed so that 

the chains are isochiral in each layer, while the α form is packed in a lower energy 

configuration with alternating chain directionality in each layer [33]. It has been proposed 

that this transformation can occur in the solid state at these higher temperatures during 

stretching, where the additional thermal energy can activate the rewinding of helices and 

result in direct recrystallization to α [17].  Others believe such a solid state transition is 

impossible, citing a lack of mobility in the ordered β structure and speculating that a 

pseudo-melt (decrystallization) and recrystallization to α with energy imparted from the 

drawing process is required [33,34]. In any case, the transformation proceeds with 

increasing draw ratio, beginning at the yield point and concluding when the sample 

fractures, in both uniaxially [16,24,33] or biaxially stretched samples [16,18]. The local 

densification that this transformation causes results in void formation, but that cannot 

entirely account for the high porosity in stretched β-iPP films since the change in density 

is on the order of 1% [18]. 

A factor that strongly influences both lamellar reorientation and phase 

transformation as well as the resulting pore formation is the extent of β lamellae growth 
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in the sample. Both crystallization temperature and the subsequent annealing influence 

the size of β lamellae. Crystallization proceeds more slowly at elevated temperatures than 

when samples are quenched from the melt [24], resulting in larger lamellae. Additionally, 

annealing the samples at temperatures where β crystalline growth is favored over α also 

results in larger lamellar blocks [13]. When the lamellae are larger, they have greater 

thermal and mechanical stability, making it more likely that cavitation will occur as the 

crystals reorient and separate from the amorphous material [24]. Annealing in particular 

should increase the likelihood of cavitation, since crystal growth comes directly from the 

adjacent amorphous region, reducing tie chain density [13]. Larger lamellae also inhibit 

phase transformation, such that higher draw ratios are required to complete the shift to α, 

demonstrated by residual β material in DSC thermograms of annealed and stretched 

films. If this transformation can be retarded by more stable β lamellae during stretching, 

there are more opportunities for cavitation by lamellar reorientation, resulting in the 

generation of higher porosity [24]. 

Based on guidance provided by previous studies that outlined how various 

processing conditions affected the porosity of stretched β-iPP films, processing of 

parameters were fixed at values favorable to pore formation to explore the influence of 

the starting iPP MFI and precursor film annealing temperature on porosity. The 

nonisothermal crystallization of the film during extrusion was performed at an elevated 

temperature to yield larger initial β crystals [24,35]. Precursor films were stretched 

biaxially because prior findings show films made with this technique have higher 

porosity [18,36] and higher permeability [36] than uniaxially stretched films. The biaxial 

draw ratio was also optimized for maximum porosity [16,18,36,37].  The porosity 

characteristics of selected microporous membranes produced in this study are recorded in 

Table 4.3. 
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Table 4.3. Porosity and Permeability Characterization of Films Biaxially Stretched at 

100 °C After Differing Thermal Annealing Treatments. 

Sample Code 
Film Thickness 

(μm) 

Film Porosity 

(1 - ρstretch/ρ0) 

Number Mean 

Dpore (nm) 
P(N2) (Barrer) 

12M-23A-100S 32.0 0.173 ± 0.016 < 18 24,400 

3.5M-23A-100S 43.1 0.255 ± 0.022 < 18 68,700 

2.1M-23A-100S 54.1 0.239 ± 0.012 < 18 42,100 

12M-130A-100S 43.6 0.263 ± 0.010 < 18 88,000 

3.5M-130A-100S 74.5 0.308 ± 0.002 21 243,000 

2.1M-130A-100S 68.4 0.280 ± 0.008 < 18 172,000 

12M-140A-100S 47.5 0.368 ± 0.005 26 380,000 

3.5M-140A-100S 64.2 0.375 ± 0.005 29 449,000 

2.1M-140A-100S 46.6 0.346 ± 0.010 25 298,000 

The most striking feature about the porosity of these films is that the strongest 

influence on pore formation is the precursor annealing temperature. Compared to films 

stretched without annealing, those annealed at 130 °C and 140 °C exhibited very large 

increases in porosity. This finding is reasonable because annealing affects the size of β 

lamellae and tie chain density in ways that assist pore formation [13,24]. Further, the 

measured porosity of 17 to 38% is in line with previous studies based on similar films 

[16,18,36]. Figure 4.6 presents surface SEM of 12M-[Tanneal]A-100S films, with the 

associated properties presented in Table 4.3. 
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Figure 4.6. SEM micrographs of representative regions in stretched films. Films were 

prepared from precursors extruded from β-iPP having a MFI of 12 that were 

subsequently annealed at 23 °C (as-extruded), 130 °C, and 140 °C for 30 

minutes and then stretched at 100 °C. 

The increase in porosity with annealing temperature was most apparent in these 

12 MFI β-iPP films. The increase cannot be explained in terms of greater relative 

increases in crystal size compared to lower MFI films (Figure 4.3) or in terms of more 

extensive perfection of the crystals during annealing (Figure 4.1) since the β endotherms 

are only intermediate in the transition to more stable β1 compared to lower MFI films. 

One possible explanation for the larger increase in porosity in 12 MFI films is that the 

formation of crystalline structures after extrusion is not as favorable in these films as in 

the lower MFI films, either due to its lower molecular weight or lower extrusion 

temperature. This disadvantage is offset by a lower density of tie chains between the β 

crystalline and amorphous phase because of the lower molecular weight of the iPP [28]. 
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The lower tie chain density would further decrease as the crystal structure is improved by 

annealing, making initial cavitation more likely and resulting in the parity of porosity 

between films with different MFI at the highest annealing temperature. The 2.1 and 3.5 

MFI films had measured porosities similar to one another at all annealing temperatures, 

and like the 12 MFI films, increased in porosity with annealing temperature. Regardless 

of annealing temperature, the intermediate 3.5 MFI films had the highest porosity. 

Perhaps there is a balance between tie chain density (lower in high MFI iPP) and lamellar 

block size (higher in low MFI iPP) that must be struck to develop the greatest porosity. 

The measured thickness of these films prior to stretching was nominally 100 μm, 

and the films were biaxially stretched to 100% elongation in the machine and transverse 

directions. If phase transformation, void formation or other phenomena do not influence 

the density of the films, the final thickness should be 25 μm. Accounting for both 

porosity and phase change in each of the stretched films, the expected final thickness 

should range from 30 to 40 μm. In all cases, the film thicknesses were greater than 

expected. One prior study of β-iPP materials [18] found a similar discrepancy between 

expected and measured film thicknesses, with thicknesses substantially higher than 

expected based on film porosity and draw ratio. This phenomenon is of limited 

applicability, however, because stretching was performed uniaxially with free film width, 

which would result in thicker films due to a reduction in width during stretching. To our 

knowledge, no such results have been reported for biaxially stretched films. Since the 

uncertainty in both film thickness and porosity is much smaller than the difference 

between expected and measured thickness, an alternative explanation is required. 

Pore size and gas permeability for these selected films were also characterized. 

For the as-extruded films and some of the films annealed at 130 °C, the pore diameter 

was too small to measure by the technique used. One of the films annealed at 130 °C and 
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all of the films annealed at 140 °C were found to have pores in the ultrafiltration range, 

with mean pore diameters between 21 and 29 nm. This size is consistent with the surface 

SEM images in Figure 4.6. The N2 permeability of stretched films closely tracked the 

porosity measured in each film, with precursor film annealing temperature again playing 

a key role. With one exception [16], the measured N2 permeability of 449,000 Barrer is 

the highest reported for a microporous membrane of this type. The close relationship 

between permeability and porosity across the films indicates that the interconnectedness 

and size of pores is similar. A more complete discussion of the permeability of these 

microporous membranes will be provided in a publication to follow. 

Having discussed both the porosity of stretched films and the quantity of stable β1 

crystalline material in the precursor films, it is now possible to demonstrate a relationship 

between them. Figure 4.7 presents a correlation between the volume fraction of β1 

material in precursor films (influenced by iPP MFI, extrusion conditions and annealing 

temperature) and the bulk porosity of films stretched at 100 °C. A volume fraction is a 

more appropriate quantity to consider than a mass fraction in this case because it yields 

some physical insight into how much space β1 crystals occupy in the bulk, and in turn, 

how large a volume they may cause to be converted into voids in the material. In fact, 

there appears to be a close correspondence between these values. Over the range of 

volume fractions of β1 present in the precursor films, each unit increase in that value 

results in a unit increase in film porosity, i.e., the slope of the linear fit is close to unity. 

The intercept of the fit does not represent a plausible extrapolation to porosity at infinite 

dilution of β1 content, since pore formation cannot occur by the mechanism discussed 

without β crystals present. Indeed, the requirements for pore formation absent β crystals 

in iPP are not met by films produced in this study [38–41]. It is more likely that below 

some critical value of β1 volume fraction, zero porosity will be developed. The low 
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porosity of the stretched film corresponding to the 12M-23A-100S precursor may 

indicate that its volume fraction of β1 is close to that point, because it also exhibits an 

especially low N2 permeability (Table 4.3). 

Precursor annealing temperature appears to be the most important factor in both 

volume fraction of β1 and porosity, with little scatter between points representing a given 

annealing temperature. This general observation gives way to two exceptions, both 

occurring in the 12 MFI iPP films, and these exceptions can be rationalized based on 

prior observations. In the case of the as-extruded film, the porosity is lower than expected 

due to poor crystallization conditions during extrusion. For the film annealed at 140 °C, 

the annealing process induced substantial growth in the lamellae, but the higher than 

expected porosity can be attributed to a lower tie chain density than the other films 

annealed under these conditions. Additionally, the greater variability in β1 volume 

fraction for films annealed at 140 °C can be attributed to the fact that the annealing 

temperature is closer to the melt temperature of β crystals than in the other films, 

permitting melt-recrystallization of β material according to the original sizes of crystals 

formed during extrusion. Characterization of the volume fraction of β1 in these materials 

provides a powerful tool to predict the porosity and thus performance of microporous 

membranes made from β-iPP. 
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Figure 4.7. Porosity calculated from densities measured by Archimedes’ principle in 

biaxially stretched films as a function of β1 crystallinity in the corresponding 

precursor β-iPP films. Values are plotted for precursor films of  

MFI 2.1 (), MFI 3.5 (), and MFI 12 (). Uncertainties represent ±1 

standard deviation. The dashed line is the least squares line to the data set. 
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Chapter 5. Influence of Processing Strategies on Porosity and 

Permeability of β Nucleated Isotactic Polypropylene Stretched Films 

 

5.1 SUMMARY 

Microporous polymer membranes were produced from β nucleated isotactic 

polypropylene using a solvent-free process involving extrusion and biaxial stretching. 

Pore formation, previously shown to depend upon the quantity of perfected β crystalline 

material in the film, was found to also depend upon stretching temperature. The pore 

structure of membranes produced under a variety of processing conditions was 

investigated by SEM, flow porometry, and gas permeation techniques. The mechanism of 

gas transport through these membranes was determined using permeability experiments 

and pore size distribution. Gas permeability was correlated with film porosity and 

compared to the permeability of an array of porous polypropylene films. High quality 

microporous membranes were produced without the use of the strict process control 

required for traditional extruded films, and such membranes exhibit performance 

comparable to commercially available Celgard films. This process flexibility provides an 

avenue toward coextruded composite membranes for a range of applications. 

                                                 
  This chapter has been adapted with permission from the following article: 

G.T. Offord (author, primary experimentalist), S.R. Armstrong (editor, sample preparation), B.D. 

Freeman (editor), E. Baer (editor), A. Hiltner (editor), D.R. Paul (editor), Polymer. 54 (2013) 

2796–2807. 
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5.2 RESULTS AND DISCUSSION 

5.2.1 The Effect of Thermal Annealing on Porosity and Gas Permeability of 

Stretched β-iPP Films 

Pore formation in β-iPP films depends upon the type and morphology of 

crystalline structures in such films, and it is a consequence of the processing history of 

the films. Films produced under favorable conditions with appropriate nucleation tend to 

form β crystalline material in the form of parallel-stacked lamellae [1]. When these films 

are stretched, the stacked β lamellae are able to rotate and separate, causing cavitation 

between lamellae [2–4]. Stretching beyond the yield point causes enlargement of the 

voids formed [5] and a transformation of β phase to α phase crystalline material [6]. The 

effectiveness of lamellar separation is strongly influenced by the extent of β lamellae 

growth in the film, because larger and more stable lamellae are more likely to dissipate 

stress by separating from amorphous material than by crystalline shear during the 

stretching process [7]. Thermal annealing of β-iPP films results in such lamellar growth 

[8], and it should therefore prove beneficial in increasing the porosity of these films when 

stretched relative to those of films not subjected to annealing. While the growth of the 

crystal size can be detected by both XRD and DSC techniques [9], information about the 

quantity of crystalline material affected by thermal annealing is more accessible using 

DSC. First heating thermograms can be analyzed to determine the extent of growth and 

perfection of β crystalline lamellae in annealed films. This is not a trivial undertaking, 

because many β-iPP materials exhibit double peak behavior in DSC thermograms, where 

endotherms corresponding to β crystalline material appear twice. An endotherm 

designated β1 corresponds to an initial melting of β crystals. The material can recrystallize 

and then melt, as indicated by a second endotherm β2, as temperature is further increased.  
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A large population of stable β crystals result in a larger β1 endotherm, and those crystals 

are less likely to recrystallize to the β2 form after melting [10,11]. The β1 endotherm is 

related in this way to the size and stability of β lamellae in the films, and it is thus 

predictive of how well a given β-iPP film will form porosity upon stretching. One useful 

metric to quantify the amount of β1 crystalline material in the precursor film is the 

volume fraction, as follows: 

11

0









X  (1) 

The volume fraction of β1 material in a precursor film is influenced by several 

factors [9], but the annealing treatment proved to be the most significant. For precursor 

films with a crystalline configuration determined only by the extrusion and take-up 

process, a low level of perfected β crystal structure was achieved, as indicated by volume 

fractions of β1 under 18%. As the annealing temperature was increased within the 

temperature range where β crystallization is favored [8], the volume fraction of β1 

material increases to above 30%. This quantity provides an indication of the space 

occupied by β1 crystalline material [9], and it can be related to the measured bulk porosity 

of the stretched film. Figure 5.1 displays the effect of precursor annealing temperature on 

the porosity generated in samples over a range of precursor iPP MFI values, but at a fixed 

stretching condition. The porosity of films stretched at 100 °C increases in a linear 

fashion over the range of β1 volume fraction investigated [9], and is consistent with the 

porosity developed in similar stretched films [12–14]. Below a threshold content of β1, 

however, it cannot be expected that this relationship would continue to hold because the 

lamellar separation previously described could not occur in significant amounts. Thus, it 

would be more likely for film porosity to reach zero at non-zero β1 content, a concept 

outlined in Figure 5.1. 
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Figure 5.1. Porosity increase observed in β-iPP films biaxially stretched at 100 °C when 

the volume fraction of β1 crystallinity present in precursor films is increased 

by employing a thermal annealing process. Values are plotted for stretched 

films produced from precursors annealed for 30 minutes at 23 °C (as-

extruded) (), 130 °C (), and 140 °C (). Uncertainties represent ±1 

standard deviation. The dashed line is the least squares line to the data set. 

The increase in porosity of stretched films with β1 content in Figure 5.1 can be 

verified by surface SEM, as shown in Figure 5.2.  
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Figure 5.2. SEM micrographs of representative surface regions in stretched films. Films 

were prepared from extruded β-iPP precursors having a MFI of 2.1, 3.5, and 

12 that were subsequently annealed at 23 °C (as-extruded), 130 °C, and 140 

°C for 30 minutes and then stretched at 100 °C. 
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It is difficult to qualitatively differentiate the visible surface porosity of these 

stretched films at a fixed precursor annealing temperature as iPP MFI is varied. The 

change in porosity as annealing temperature increases is much more apparent. When 

precursor films are annealed at 130 °C, the number and size of pores at the surface of 

stretched films both increase relative to as-extruded films. Upon annealing at 140 °C, 

there is a further increase in pore size and quantity, and large surface fissures begin to 

appear. 

The influence of precursor annealing temperature on porosity, pore size and N2 

permeability of porous films made from iPP with an MFI of 3.5 is presented in Table 5.1. 

These values are presented together with those of a commercially available monolayer 

polypropylene porous film, Celgard 2400. As precursor annealing temperature is 

elevated, porosity, pore size, and permeability increase in concert. These changes are 

consistent with the hypothesis that β crystalline lamellae growth in precursor films 

translates to larger volume fractions of β1, and when such films are stretched, the 

separation of larger lamellae yield larger individual pores. This process leads to higher 

porosities, which in turn lowers the resistance to mass transfer in the stretched film. The 

porosity and permeability characteristics of β-iPP porous films annealed at 140 °C are 

roughly comparable to those of Celgard 2400. 
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Table 5.1. Porosity and Permeability Characterization of Biaxially Stretched Films 

Subjected to Differing Thermal Annealing Treatments, with Comparison to 

Celgard 2400 Properties. 

Sample Code 
Film Porosity 

(Φ = 1 - ρstretch/ρ0) 

Number Mean 

Dpore (nm) 

P(N2) 

(Barrer) 

3.5M-23A-100S 0.255 ± 0.022 < 18 68,700 

3.5M-130A-100S 0.308 ± 0.002 21 243,000 

3.5M-140A-100S 0.375 ± 0.005 29 449,000 

Celgard 2400 0.41 [15] 34 727,000 

The thickness normalized N2 flux for the porous films introduced in Table 5.1 as a 

function of transmembrane pressure Δp is presented in Figure 5.3. The permeability 

values recorded in Table 5.1 were calculated from the slope of the flux data for each film. 

As Δp was increased during permeation experiments, thickness normalized N2 flux 

increased linearly. Permeabilities increased as film porosity increased, changing by an 

order of magnitude from the lowest permeability β-iPP film (Φ = 0.255) to that of the 

highest permeability film, Celgard 2400 (Φ = 0.41). The linear increase in N2 flux with 

Δp provides some insight into the transport mechanism occurring in these porous films, 

which will be discussed more thoroughly below. 
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Figure 5.3. Thickness normalized N2 flux as a function of transmembrane pressure 

measured for biaxially stretched β-iPP films whose precursors have been 

subjected to different thermal annealing treatments. Values are plotted for 

3.5M-23A-100S (), 3.5M-130A-100S (), and 3.5M-140A-100S () 

films, and Celgard 2400 () has been included for comparison. The 

porosity of each film is labeled, and dashed lines represent least squares fits 

through the origin. 

5.2.2 The Effect of Stretching Temperature on the Porosity of Stretched β-iPP 

Films 

At a stretching temperature of 100 °C, the porosity of stretched films increases 

linearly with β1 content within certain bounds [9]. It is not currently known whether films 
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with significantly higher levels of β1 material can be produced, but this would be an 

obvious avenue to generate films of even higher porosity. One way to potentially increase 

β1 content is to operate the chill roll at a more favorable crystallization temperature of 

100 to 110 °C instead of 95 °C, which was not possible in this study due to the use of 

water as the coolant for the chill roll. Without altering the crystallinity of the precursor, it 

may be possible to modify the porosity of these stretched films by employing different 

stretching temperatures. The relationship between porosity of stretched films and the 

content of well-developed β crystalline material in their precursors will therefore be 

investigated as a function of stretching temperature. It has been shown previously [16] 

that the stress-strain relationship in β-iPP films is a function of stretching temperature. 

Applying different stresses to β-iPP films of a given β1 content should then result in 

different pore formation behavior, since cavitation in polymeric films is dependent upon 

how stress is dissipated [17]. In films stretched at 100 °C, the highest porosity is achieved 

when the β1 content is maximized, so altering the stretching temperature will facilitate 

both a better understanding of the fundamentals of pore formation in β-iPP films and will 

assist in the optimization of conditions to produce films with the highest possible 

porosity. 

The relationship between precursor β1 content and the porosity of films extruded 

from all grades of iPP and stretched at three distinct temperatures is presented in Figure 

5.4. The increase in porosity in films stretched at 110 °C is similar to what has already 

been shown for those stretched at 100 °C. For each additional percent of volume 

occupied by β1 material, roughly speaking, an additional percent of porosity is formed 

when the film is stretched. The films stretched at 100 °C are slightly more sensitive to 

precursor β1 content than those stretched at 110 °C. Films stretched at 90 °C display a 

much lower sensitivity, with less benefit to pore formation shown when β1 content is 
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elevated. The slope for films stretched at 90 °C is lower than for those films stretched at 

100 or 110 °C, and this may be an indication of a difference in the pore formation 

mechanism. The general behavior of β-iPP films during the annealing and subsequent 

biaxial stretching is outlined in our previous publication [9], but the stretching 

temperature subtly modifies this picture. 

It is well-established that the stretching process involves the initiation of 

cavitation before the yield point of the material and the delamination of β lamellae from 

amorphous material [7,12], and this is followed by the subsequent growth of the pore 

structure after the yield point. Expansion of the pores is accompanied by strain-hardening 

owing to the deformation of β structures, as well as the transformation from β to α or β to 

smectic material.  At the two highest stretching temperatures, the transition from β to α 

during stretching should predominate, while a β to smectic transition is more likely at 90 

°C [7]. A further difference between the stretching of β-iPP films at 100 or 110 °C and 

stretching at 90 °C is the higher stress required to achieve the same strain rate [16]. These 

factors may together account for the differences in pore formation behavior between β-

iPP films stretched at higher temperatures relative to those stretched at lower 

temperatures. In light of these differences in the stretching process and in the relationship 

between β1 content and porosity, a difference in the mechanism for pore formation in β-

iPP films stretched at different temperatures may be indicated. 
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Figure 5.4. Porosity calculated from densities measured by Archimedes’ principle in 

biaxially stretched films as a function of β1 crystallinity in the corresponding 

precursor β-iPP films. Values are plotted for films stretched at 90 °C (), 

100 °C (), and 110 °C (). Uncertainties represent ±1 standard deviation. 

Dashed lines with matching colors are the least squares fit to the data sets. 

Extrapolation to zero β1 content should not be taken to be predictive (see 

Figure 5.1). 

SEM micrographs of films produced from each iPP MFI used in the study that 

were annealed at 140 °C and then stretched at 100 and 110 °C are presented in Figure 5.5. 

Altering the precursor annealing temperature resulted in large differences between 
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surface scans of films (see Figure 5.2), but the effect of varying the stretching 

temperature is subtle by comparison. Little difference is visible between surfaces of films 

produced from different iPP MFI, but there is an apparent decrease in surface porosity 

when the films are stretched at 110 °C relative to films stretched at 100 °C. This 

observation is consistent with the measured porosities presented in Figure 5.4. The pores 

visible in surface SEM should not be taken as representative of the pore size distribution 

that will be determined later by CFP. Qualitatively comparing surface SEM images to 

one another provides some understanding of which conditions affect pore formation, but 

the internal structure of membrane cannot be revealed by surface SEM. 
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Figure 5.5. SEM micrographs of representative surface regions in stretched films. Films 

were prepared from precursors extruded from β-iPP having a MFI of 2.1, 

3.5, and 12 that were subsequently annealed at 140 °C for 30 minutes and 

then stretched at 100 °C (top) or 110 °C (bottom). 
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Precursor films were overlaid with a grid pattern prior to stretching to verify the 

uniformity of biaxial stretching. When the annealed films were stretched at 100 or 110 

°C, the expansion of the grid was even, and the thicknesses of films were relatively 

constant. At these stretching temperatures, films appeared consistent and opaque white in 

color. Annealed films stretched at 90 °C displayed inconsistencies in the expansion of the 

grid and in thickness. The appearance of these films was opaque white interspersed with 

irregular areas of slight translucency. This inconsistency over the area of the film can be 

quantified in terms of the uncertainty in the porosity (Figure 5.4), which is much greater 

than the uncertainty measured for other stretching temperatures or annealing conditions. 

As the stretching temperature was further decreased to 80 °C, annealed films of 

acceptable quality could not be produced. These results for films stretched at relatively 

low temperatures are consistent with the hypothesis that pore formation differs with 

stretching temperature. The higher degree of uncertainty in the porosity of films produced 

without the thermal annealing step is also apparent. In particular, films stretched at 90 

and 100 °C without annealing display a relatively high variability in porosity. Whenever 

higher stresses are required during stretching (which occurs in films of lower iPP MFI, in 

thermally annealed films, or when such films are stretched at lower temperatures), the 

consistency of the films produced declines. Because of the similarity in appearance, 

stretching behavior, and porosity between films stretched at 100 and 110 °C, these films 

will be considered together in some of the analysis of film permeability to follow. 

5.2.3 Influence of Processing on the Porosity, Permeability and Separation 

Properties of Stretched β-iPP Films 

Prior studies of pore formation and permeability in β-iPP films have found that 

these properties are enhanced when certain processing guidelines are followed. Higher 

crystallization temperatures lead to larger β crystals, increasing porosity upon stretching 
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[7,12]. Biaxial stretching to 100% elongation in the machine and transverse directions of 

these films creates more porous films than uniaxial stretching, and these films also have 

higher permeability [5,13,14]. Stretching temperatures above 110 °C tend to decrease the 

permeability of β-iPP films [5]. To further improve the properties of β-iPP porous films, 

these guidelines were employed while exploring other process variables. 

The variation of β1 content in precursor films with the porosity developed in the 

corresponding stretched films is similar when the stretching temperature is 100 or 110 

°C. This suggests that pore formation occurs in the same way in films stretched at these 

conditions, and so a comparison between their permeabilities can be made. This 

comparison should provide an understanding of the ability to tailor the material properties 

of the precursor films to develop the desired function in the final produced microporous 

films. Permeation experiments like those shown in Figure 5.3 for 3.5 MFI films stretched 

at 100 °C were performed for films produced at each iPP MFI, annealing temperature, 

and at 100 and 110 °C stretching temperatures. The results of a comparison between the 

porosity in these films and their permeabilities to N2 and He are presented in Figure 5.6. 
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Figure 5.6. Permeability of stretched films to N2 (closed symbols) and He (open 

symbols) as a function of porosity. Values are plotted for stretched films 

produced from precursors annealed for 30 minutes at 23 °C (as-extruded) 

(,), 130 °C (,), and 140 °C (,). Uncertainties represent ±1 

standard deviation. The solid line is a best fit to N2 permeability data, and 

the dashed line is a best fit to He permeability data. The point at ~ 15% 

porosity was not used to generate these fits for reasons presented in the text. 

As the porosity of these stretched β-iPP films increased, their permeabilities 

increased exponentially. The porosity developed in the films increases in a regular 

fashion in the order of increasing annealing temperature, as would be expected based on 
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Figure 5.4. Remarkably, this relationship is valid over a wide variety of materials and 

processing conditions. This result stands in contrast to porous iPP films made by other 

techniques, which require strict control of processing conditions to develop high levels of 

porosity and permeability [18–20]. The permeabilities of both N2 and He increased 

similarly, with the permeability of N2 increasing with porosity slightly faster than that of 

He. This observation is related to the relationship between the pore size and porosity in 

the films, and it will be more fully discussed later. 

Pore formation by lamellar separation might be inhibited below a certain 

threshold value of β1 content. The 12M-23A-110S porous film has the lowest porosity (Φ 

= 0.152) of all the films, which was accompanied by N2 and He permeabilities that were 

well below the expected value based on the porosity-permeability relationship of the 

other films. Therefore, this data point was excluded in generating the fit to the remaining 

data. The significantly lower than expected permeability in this film may be a result of a 

less interconnected pore structure, resulting from either fewer or smaller cavities 

developed during stretching. 

Microporous PP films are widely used industrially for a variety of separation and 

filtration applications [21]. To place the properties of the porous β-iPP films produced in 

this study into perspective, the porosity and gas permeability characteristics of films from 

Figure 5.6 have been compared with those of several types of porous PP films found in 

the literature or available commercially: uniaxially and biaxially stretched β-iPP porous 

films, porous PP films made with techniques similar to those used to make Celgard films, 

as well as commercial Celgard films. All of these films were produced using a solvent-

free process and a stretching step to develop porosity. The results of this comparison are 

presented in Figure 5.7.  
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Figure 5.7. Comparison of polypropylene microporous film N2 permeability as a 

function of porosity. Films from this study () are compared to β-iPP films 

that have been biaxially stretched (gas: O2) () [5], () [14], as well as to 

those that have been uniaxially stretched (gas: O2) () [5]. Commercial 

Celgard films () [15] and extruded PP films made by a process similar to 

Celgard () [22,23] are also included. Dashed lines represent best fits to the 

permeability data and are meant to guide the eye. 

The permeabilities presented in Figure 5.7 are in some cases for O2, which should 

have a similar permeability to N2 in these films and will therefore give a good indication 

of their performance. Transport data was also reported with different measurement units 



 105 

in each source, and appropriate steps were taken to present permeabilities in Barrers. 

Compared to porous films made from β-iPP elsewhere, the N2 permeability of porous 

films in this study were quite high. One study of biaxially stretched β-iPP films reported 

a substantially higher value, but it did not present any information about the pore size 

distribution achieved in the porous films or the transport of other gases through the film 

[14]. These omissions make it difficult to understand the material properties or 

processing choices that resulted in the high reported permeability. An important study by 

Chu et al. reports O2 permeability data for biaxially and uniaxially stretched β-iPP films. 

In that study, the permeability is substantially higher in biaxially stretched films, and the 

sensitivity of porosity and permeability properties to the degree of elongation is much 

lower in biaxially stretched films than in uniaxially stretched films [5]. A series of porous 

PP films made by Sadeghi et al. in a fashion similar to that of Celgard films exhibit much 

lower N2 permeabilities than biaxially stretched β-iPP films, even at equivalent porosities 

and in spite of the fact that the pores in the film are substantially larger [22,23]. 

Commercially produced Celgard films generally had somewhat higher permeabilities 

than the highest performing β-iPP films at the same porosities, generally due to their 

larger mean pore size. The single highest performing film was Celgard 2500 (see Figure 

5.7), which had a porosity of 55% and a N2 permeability just under 2,000,000 Barrer. The 

high performance of Celgard films relative to non-nucleated porous PP films highlights 

the importance of tight control of processing conditions in films made using this 

technique. 

Although the porosity and permeability values of the examined films varied 

widely, each class of films exhibited a similar exponential dependence of permeability on 

film porosity. Uniaxially stretched β-iPP films showed a much higher increase in 

permeability with porosity than other films, but this result could be related to the low 



 106 

permeability in these films when the elongation conditions were not carefully optimized 

to prevent pore collapse at high draw ratios [5]. 

Specific processing conditions employed during the production of precursor films 

and stretched films can also be examined for their effect on stretched film permeability 

and the ability of such films to perform separations. The precursor annealing temperature, 

the stretching temperature, and the strain rate during stretching were varied to produce 

porous films of each iPP MFI. The N2 and He permeability of these films were measured 

and presented in the form of N2 permeability and He/N2 selectivity. Figure 5.8 presents 

the effect of stretch temperature and strain rate on the transport properties of stretched 

films produced without thermal annealing. 

The applied strain rate during biaxial stretching of precursor films at 100 °C 

appears to have a relatively small influence on their transport properties. A prior study [3] 

shows that cavitation in β-iPP increases with strain rate, but at a lower temperature than 

studied here. Films produced from each iPP MFI display a small decline in permeability 

as strain rate is increased from 20%s
-1

 to 100%s
-1

, which is within experimental 

uncertainty, and a larger increase as the strain rate is further increased from 100%s
-1

 to 

500%s
-1

. The He/N2 selectivity shows the inverse of this behavior, but in this case, the 

selectivity of films of a given iPP MFI are within the uncertainty over the range of strain 

rates. The films had N2 permeabilities in the order of iPP MFI 3.5 > 2.1 > 12. 

Stretching temperature was found to be a more significant process variable than 

strain rate, based on the large changes in both permeability and selectivity that stretching 

under different thermal conditions caused. As the stretching temperature was increased 

from 90 to 100 °C, there was a significant decrease in permeability at all iPP MFI when a 

strain rate of 100%s
-1

 was applied. As temperature was further increased to 110 °C, the 

2.1M-23A-110S and 3.5M-23A-110S films displayed a modest decrease in permeability, 
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while the 12M-23A-110S film showed a drastic decrease. The high iPP MFI, lack of 

thermal annealing, and high stretching temperature in that film led to low stress during 

stretching, and therefore unfavorable pore formation conditions that cause low 

permeability. As indicated in Figure 5.6, the porosity and permeability of this porous film 

is the lowest in the study. The rank order of permeabilities by iPP MFI remained 3.5 > 

2.1 > 12. The He/N2 selectivity again goes counter to the N2 permeability, with higher 

selectivities generally measured in films with lower N2 permeabilities. Increases in 

selectivity outside of the uncertainty occurred when the stretching temperature was 

increased from 90 to 100 °C in the 2.1 and 3.5 MFI films, while a similar increase in 

selectivity was recorded for the 12 MFI film when the stretching temperature was 

increased from 100 to 110 °C. 
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Figure 5.8. N2 permeability and He/N2 selectivity of stretched films produced from 

precursors annealed at 23 °C (as-extruded) as a function of a) strain rate at a 

stretching temperature of 100 °C and b) stretching temperature at a strain 

rate of 100%s
-1

. Results are shown for MFI 2.1 (,), MFI 3.5 (,) and 

MFI 12 (,) films. Uncertainties represent ±1 standard deviation. 
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The effect of stretching temperature in thermally annealed films and precursor 

annealing temperature on their transport properties is presented in Figure 5.9. The 

behavior of thermally annealed films at different stretching temperatures is quite different 

from that of as-extruded films, and this difference is exemplified by a local maximum in 

permeability at each iPP MFI when the films are stretched at 100 °C. Film permeabilities 

were lower in these films at a stretching temperature of 110 °C than they were at 90 °C. 

Like the as-extruded films, the He/N2 selectivity appears to be lower when N2 

permeability is higher. 

When β-iPP films are subjected to different thermal annealing treatments before 

stretching at 100 °C, N2 permeability increases with annealing temperature. This is 

consistent with the information presented in Figure 5.1, and it reinforces the key point 

that thermal annealing results in the development of β lamellae, which lead to more 

porosity when stretched than the less-developed structures in as-extruded films, and the 

high level of porosity contributes to increased N2 permeability. The He/N2 selectivity 

remained relatively constant until the annealing temperature reached 140 °C, at which 

point there was a large decline. 

The highest permeability films were those annealed at 140 °C and stretched at 90 

or 100 °C using high MFI iPP samples. The films with the highest He/N2 selectivities 

were those annealed at 130 °C and stretched at 110 °C using high MFI iPP samples. 

Consequently, processing conditions must be carefully selected to obtain porous films 

with the desired gas permeation properties. 
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Figure 5.9. N2 permeability and He/N2 selectivity of a) stretched films produced from 

precursors annealed at 140 °C as a function of stretching temperature and b) 

films stretched at 100 °C as a function of precursor annealing temperature. 

Results are shown for MFI 2.1 (,), MFI 3.5 (,) and MFI 12 (,) 

films. Uncertainties represent ±1 standard deviation. 
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5.2.4 Pore Size Distribution and its Influence on the Permeation Properties of 

Stretched β-iPP Films 

Transport of gases through β-iPP porous films depends upon the probe gas, the 

gas pressure, the film bulk porosity, the pore size distribution, and the interconnectedness 

of the pore structure in the film. To more thoroughly understand the separation properties 

of these films, their pore structures have been investigated using SEM, CFP, and gas 

permeability. Figure 5.10 presents qualitative characteristics affecting the transport in 

thermally annealed stretched films. In several of the thermally annealed films, biaxial 

stretching resulted in the formation of fissures at the surface which were perpendicular to 

the drawing directions, and possess a length scale that is very long relative to individual 

surface pores presented in Figure 5.2 and Figure 5.5. If such fissures were continuous 

through the thickness of the film, their size would ensure that they would dominate gas 

transport. Cross-sections of β-iPP films were also observed to provide visual 

confirmation of a continuous pore structure through the thickness of the film. The 

formation of pores below the surface is apparent, indicating that a continuous structure is 

a possibility. To determine the nature of the pore structure, these observations can be 

supplemented by techniques using the passage of gas through the films.  
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Figure 5.10. SEM micrographs demonstrating phenomena affecting gas transport through 

β-iPP stretched films. Surface fissures are observed in films whose 

precursors have been annealed at 140 °C and stretched (left). These fissures 

are formed in the machine and transverse direction relative to the biaxial 

stretcher, and possess a length scale that is long relative to the pores 

characterized. Observing a film edge-on (right) it can be seen that a 

continuous pore structure is created through the thickness of the stretched 

film. 

Pore size distributions for a selection of β-iPP porous films were determined 

using a CFP technique, more broadly considered to be a bubble point technique [24,25]. 

Several prior studies of these materials have used mercury intrusion porometry to gather 
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information about their pore structure [5,7,26], a practice also employed for porous PP 

films in general [22,23,27]. This technique has two deficiencies in the context of 

transport: the high pressures required by mercury intrusion can deform the pore structure 

[28], and pores not involved in transport (e.g., blind pores) are detected [24]. Gas 

permeability measured in this study can therefore be more readily related to pore size 

distributions determined by CFP. 

Considered as a whole, Figure 5.11 indicates that all of the pores detected in β-

iPP films were 18 to 35 nm in diameter, which is in the ultrafiltration size range [21]. 

Compared to other porous films presented in Figure 5.7, the β-iPP films in this study had 

smaller pore sizes and higher permeabilities at the same porosity. Uniaxially stretched β-

iPP films [7] had mean pore diameters of 10 to 100 nm, biaxially stretched β-iPP films 

[5] were 20 to 70 nm, and porous PP films similar to Celgard [22,23] were about 100 nm. 

Thus, the internal pore structure of these porous films is less well connected than those in 

this study, or that the high pressures used in mercury intrusion have increased the 

apparent pore size. Additionally, the β-iPP films in this study appear to have a narrower 

distribution than those produced elsewhere, with the majority of pores being detected 

within a 3 to 5 nm size window. Celgard 2400 was measured by CFP to have a mean pore 

diameter of 34 nm, with a comparably narrow distribution relative to other films in this 

study. This pore size is in reasonable agreement with the manufacturer’s specification of 

43 nm [15], and it is consistent with its somewhat higher permeability than our β-iPP 

films. 

Processing conditions influence the pore diameter in β-iPP stretched films just as 

they influence the porosity and permeability. With one exception (2.1M-23A-90S), as-

extruded films had pore sizes under 18 nm that could not be detected by CFP. The results 

presented in Figure 5.11 are primarily for films whose precursors were annealed at 140 
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°C, because their pore sizes were larger than 18 nm and were therefore detectable. The 

MFI of the iPP resin in annealed films had a subtle effect on stretched film pore size, with 

the increase in pore size tracking the increase in permeability in the order 3.5M-140A-

100S > 2.1M-140A-100S > 12M-140A-100S. The balance between tie chain density, 

which is lowest in 12 MFI films, and lamellar block size, which is highest in 2.1 MFI 

films, determines this order. For stretched films made from 2.1 MFI iPP resin precursors 

annealed at 140 °C, increasing pore size again tracked increasing permeability in the 

order 2.1M-140A-100S > 2.1M-140A-90S > 2.1M-140A-110S. Because the stretching 

temperatures examined span two distinct types of β crystalline transitions, as previously 

discussed, properties determined by the pore formation process should not necessarily 

change in a regular fashion with temperature. Stretching temperature had a larger 

influence on mean pore diameters than iPP MFI. The largest contributor to differences in 

pore size is the precursor thermal annealing temperature. The 3.5M-140A-100S film had 

a mean pore diameter more than 7 nm larger than 3.5M-130A-100S or 2.1M-23A-90S 

films (3.5 MFI as-extruded films did not have detectable pore sizes), again in accord with 

permeability results.  
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Figure 5.11. Pore size distribution in microporous films determined by capillary flow 

porometry for a) films of different MFI annealed at 140 °C and stretched at 

100 °C, b) films of MFI 2.1 annealed at 140 °C and stretched at different 

temperatures, and c) films annealed at different temperatures. Films are 

color-coded for identification, and the pore size distribution of Celgard 2400 

is included for comparison. 

With the pore size distributions for these films determined, the mechanism for 

mass transfer can be more thoroughly investigated. For the gases and pressures tested, the 
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mean free path of the gas is comparable to the characteristic size of the pores, i.e. the 

Knudsen number is close to unity. Therefore, the flow should lie in a transition region 

where both Knudsen diffusion and Poiseuille flow occurs [28,29]. Inspection of the forms 

of the equations for transport by Knudsen diffusion is consistent with gas flux exhibiting 

linear variation with Δp, whereas Poiseuille flow would result in linear variation of gas 

flux with pΔp. Prior studies in this area have observed a distinct transition in flux 

behavior from Knudsen to Poiseuille mechanisms as pressure was increased [22,28]. 

Following Figure 5.3, linear variation of flux with Δp indicates that N2 transport through 

β-iPP films in this study occurs primarily by Knudsen diffusion. Similar results are seen 

for He flux. The selectivity of a gas pair varies with the square root of the ratio of gas 

molecular weights in Knudsen diffusion, while the selectivity of the same gas pair in 

Poiseuille flow will vary with the inverse ratio of their viscosities. In the case of the 

He/N2 pair, the expected Knudsen selectivity would then be 2.65, and the expected 

Poiseuille selectivity would be 0.898. The relatively large selectivity expected under 

Knudsen diffusion was the basis of the selection of He as a counterpart to N2 in this 

study. One prior study of similar films measured CO2/O2 selectivity [5], but the expected 

Knudsen selectivity of 1.17 would be difficult to differentiate from its Poiseuille 

selectivity of 1.37, making this study of a single gas pair an ineffective tool to reveal the 

operative transport mechanism. 

In reasonable agreement with the conclusion from the flux results, the selectivity 

of all films measured ranged from 2.19 to 2.64, indicating Knudsen diffusion is the 

primary mechanism for transport. An additive model [29] of the two modes of transport 

(J = JK+JP) was constructed to determine how the selectivity of a membrane would 

change with pore size at a fixed differential pressure, and the results are presented in 

Figure 5.12. As expected from inspection of the flux equations, the transport increases in 
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Poiseuille character as Dpore and Δp increase. The observation that N2 flux increases more 

rapidly than He flux in β-iPP films as porosity increases is explained if that increase is 

attributable to larger pore sizes in more porous films. Poiseuille flow would then account 

for more of the transport, leading to a lower He/N2 selectivity. Several of the β-iPP films 

studied deviated significantly from the model selectivity based on their mean pore 

diameter, with lower than expected selectivities. This behavior could be indicative of the 

presence of a small number of very large pores (more along the lines of a film defect), but 

because such pores were not detected by CFP and the pressure-flux behavior is generally 

consistent with Knudsen flow, this explanation seems unlikely unless the defects were 

generated during the permeation experiment. 
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Figure 5.12. Comparison of He/N2 selectivities measured for stretched films produced 

from precursors annealed for 30 minutes at 23 °C (as-extruded) (), 130 °C 

(), and 140 °C () to values expected from a model combining Knudsen 

and Poiseuille permeability as a function of film mean pore size. Results for 

several values of Δp are displayed. Expected selectivities, α, are shown for 

both flow regimes. Permeabilities in this study were measured with Δp from 

5 to 30 psi. Uncertainties represent ±1 standard deviation. 
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Chapter 6. Transport Properties of PEBAX Copolymers and their use 

in Multilayered Membranes for Modified Atmosphere Packaging 

 

6.1 SUMMARY 

Single layer PEBAX films were extruded and characterized for gas permeability 

and gas pair selectivity. PEBAX transport properties were studied for their variation with 

polyether block content, transmembrane pressure, and temperature. These findings were 

used to model the parameters required to successfully construct a package suitable for the 

preservation of fresh produce. Multilayered films composed of PEBAX and β-iPP were 

coextruded and biaxially stretched to fabricate composite membranes with porous support 

and dense selective layers. The influence of the draw ratio, layer count, and PEBAX 

composition in these films was measured via permeation experiments. A simple transport 

model was developed to account for deviations from expected membrane performance 

and to provide insight on what processes could lead to these deviations. The application 

performance of multilayered films was compared to the performance expected from 

earlier idealized modeling work. Finally, a thermal annealing procedure developed in 

earlier chapters was examined for its effect on pore formation in multilayered films. 
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6.2 RESULTS AND DISCUSSION 

6.2.1 Basic Characterization of PEBAX Copolymers 

Because the transport properties of PE-b-PA copolymers depend sensitively on 

their polyether content [1,2], elemental analysis was performed by Galbraith Labs to 

estimate the composition of the materials considered. Combustion of pelletized PEBAX 

was performed to determine the nitrogen content in the material, and therefore the weight 

fraction of PA12 in the copolymer. The compositions determined by this technique 

reflect findings elsewhere [3,4], and are slightly lower than those found by FTIR analysis 

of characteristic PTMO and PA12 peaks [5]. PEBAX compositions are displayed in 

Table 6.1. 

Table 6.1. Property data for PEBAX films. 

PEBAX 

Grade 

Polyether (PE) Polyamide (PA) 

Type PE wt. % PE Tm, °C Type PA wt. % PA Tm, °C PA Xc, wt. % 

1074 PEO 49% 6 PA12 49% 158 22% 

3000 PEO 70% 8 PA12 30% 158 23% 

1041 PTMO 28% -2 PA12 72% 172 21% 

1205 PTMO 52% -18 PA12 48% 147 19% 

2533 PTMO 80% 10 PA12 20% 138 8% 

PE-b-PA materials are microphase separated, with PE and PA blocks largely 

inhabiting separate domains in the polymer [6]. The simplest way to model transport 

through such a material is by treating it as a composite with two separate, non-interacting 

phases, each having distinct transport properties. Transport occurs primarily through the 

more permeable PE phase, so treating the PA phase as impermeable provides a good first 

approximation to the properties of the composite. Several factors can cause polymer 

behavior to deviate from this ideal. Interactions between the PE and PA block that 

compromise the phase separation can result in reduced permeability. If the less permeable 
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PA block is more crystalline, the interaction of amorphous PA with PE is reduced. The 

reduced interaction improves PE phase permeability, and the overall permeability 

increases in spite of higher total crystallinity [7]. When PEBAX films are cast from 

solution, the choice of solvent can influence the size and shape of domains in the polymer 

microstructure [8]. Orientation, whether from the casting process, applied strain, or from 

extrusion, can influence the size and shape of domains as well as crystallinity [5,8–10]. 

Transport properties are, therefore, influenced by both the structure of the polymer and 

how the polymer is processed. Efforts have been undertaken elsewhere to develop 

copolymer systems with based on these ideas [7,11–13], but none of these advanced 

materials are available in large quantities for applications involving extruded films. 

First heating scans of extruded PEBAX films were performed by DSC to 

determine the crystallinity of the PA phase in the films, and those results are presented in 

Table 6.1. PTMO-based PEBAX grades exhibit higher PA crystallinity when the PA 

content is higher, likely due to a higher number of PA repeat units. PEO-based grades 

have higher crystallinity in the PA block than do PTMO-based grades. In both cases, 

observed crystallinity appears to be lower than in PEBAX films extruded for transport 

characterization in other studies [1,4]. It is difficult to say why this would be the case, 

because materials in those studies were received as films rather than extruded by the 

authors, so processing conditions are unavailable. 

Second heating DSC scans of PE-b-PA copolymers are presented in Figure 6.3. 

Low temperature melting peaks of PE blocks and high temperature melting peaks of PA 

blocks are visible, and the melting temperatures are recorded in Table 6.1. Melting 

temperatures and shapes of characteristic peaks correspond quite well with identical 

grades of PEBAX studied previously [3,4], with differences likely resulting from 

differences in scan rates. PTMO-based grades with higher PA12 contents tended to 
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exhibit higher PA melting temperatures and higher PA crystallinity. 80PTMO-PA12 had 

a strong PTMO melting peak, likely due to its high PTMO composition. PEO-based 

grades had strong PEO and PA12 melting peaks. The curious thermal behavior of the 

70PEO-PA12 film, which exhibits an intermediate peak at ~ 73 °C, can be explained by 

the fact that this PEBAX grade includes an additive not present in the other grades [4]. 

Good quality films could not be extruded from this grade of PEBAX, so any implications 

arising from this additive were not further explored. 
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Figure 6.1. Second heating scans of PTMO and PEO-based PEBAX copolymers 

showing melting peaks for PE blocks at low temperature and PA12 blocks at 

high temperature. 

6.2.2 Permeability of Single Layer PEBAX Films 

The permeability of PTMO-based PEBAX grades (28PTMO-PA12, 52PTMO-

PA12, 80PTMO-PA12) were measured at 35 °C as a function of transmembrane 

pressure. These results are presented in Figure 6.2. 

None of these PTMO-based grades exhibited measurable dependencies of 

permeability on transmembrane pressure. This is typical of gases that are present in low 
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concentrations in rubbery polymers [14,15], although plasticization occurs in rubbers 

when exposed to high-sorbing gases such as CO2 at higher pressures [14–16]. Because 

the intention of this study was to determine the properties of these materials for MAP 

applications, high applied pressures that result in high gas concentrations are not likely to 

be encountered. In each PEBAX grade, the permeability was highest for CO2, 

significantly lower for O2, and lower still for N2. This is consistent with prior results for 

PEBAX [1,2,4,8], and it reflects the fact that CO2 is a smaller gas than O2, which, in turn, 

is smaller than N2 [14,17]. This gives CO2 a diffusivity selectivity advantage over the 

other gases. More significantly, as was discussed previously, CO2 is much more soluble 

than either gas in this class of materials. The permselectivity of these PEBAX grades also 

shows little dependence on transmembrane pressure, and as can be deduced from the 

permeability results, CO2/N2 selectivities are higher than CO2/O2 selectivites. In the case 

of the 28PTMO-PA12 membrane, both selectivities were slightly elevated at the highest 

transmembrane pressure. The permeability measurements show a small increase in CO2 

permeability and a small decrease in O2 and N2 permeability relative to lower pressures. 

One explanation consistent with these findings is that there was an undetected leak into 

the downstream, elevating the apparent flux at lower pressures. The permeability and 

selectivity values at higher pressures would then be more consistent with the properties of 

the materials than the values at lower pressures. 
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Figure 6.2. Permeability of CO2, O2, and N2 in PTMO-based PEBAX copolymers as a 

function of transmembrane pressure at 35 °C. Pure gas selectivities are also 

presented. 

One way of recasting the data to look at structure-property relationships in these 

materials is to examine the change in transport properties with PTMO block content. The 

results of this analysis for samples tested at 35 °C and 2 atm transmembrane pressure are 

presented in Figure 6.3. 
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As PTMO block content increases, the permeability of each gas increases, 

consistent with the picture that transport occurs primarily through the PE block in these 

materials. At levels of PTMO content above 28%, there is little change in the selectivity 

of either gas pair studied as a function of PTMO content. These materials are known to 

have a morphology featuring an interconnected PTMO phase [9]. A study performed by 

our colleagues at Case Western Reserve University [5,10] on a series of similar materials 

shows similar behavior at these levels of PTMO content, but also reveals a behavior 

consistent with the breakup of PTMO interconnection at low contents. The permeability 

of CO2 and O2 begin to decline rapidly with decreasing PTMO content below 25 wt. % 

PTMO, with the CO2 permeability decreasing at a greater rate. Since CO2 permeability is 

especially advantaged due to its high solubility in the PE phase of PE-b-PA materials, 

network breakup is an excellent hypothesis to explain the observed permeation 

phenomena. 
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Figure 6.3. Permeability and selectivity of PTMO-based PEBAX copolymers shown in 

Figure 6.2 as a function of PTMO block content (top). Similar data is also 

presented from a companion study of PTMO-based xx33 series PEBAX 

copolymers at 23 °C, displaying rapid loss of permeability and selectivity at 

low PTMO content (bottom). This latter figure has been adapted with 

permission from an article published in Polymer [5]. Solid lines are meant to 

guide the eye.  
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The permeability of the most permeable PTMO-based PEBAX (80PTMO-PA12) 

and that of a PEO-based PEBAX (49PEO-PA12) were measured at a transmembrane 

pressure of 2 atm as a function of temperature. Temperatures from 5 to 35 °C were 

selected to correspond to potential temperature conditions such membranes would face in 

MAP scenarios. Permeabilities of CO2, O2, and N2 in these materials are presented in 

Figure 6.4. 

The permeability of each gas increases with temperature in both the 80PTMO-

PA12 and 49PEO-PA12 rubbery polymers. There are no glass transitions or other phase 

changes over the temperature range examined, so a continuous increase in permeability 

with temperature is observed [2,14,18]. Both CO2/N2 and CO2/O2 selectivities decrease 

with temperature. In this type of material, the increase in CO2 diffusivity is similar to that 

of the light gases with temperature, but a much larger decrease in solubility with 

temperature occurs with CO2 compared to the light gases [2]. 

The 80PTMO-PA12 material exhibits higher permeabilities than the 49PEO-

PA12 material due to its higher PE block content, as well as the fact that PTMO segments 

tend to be more mobile and hence promote higher diffusivity than PEO segments [19]. 

The PEO-based material, however, has higher selectivities for CO2 over the light gases 

because the concentration of the ether oxygens is higher in the PE phase of PEO-based 

materials than in PTMO-based materials [1]. CO2 permeabilities of nearly 250 Barrer are 

achieved in 80PTMO-PA12 membranes at 35 °C, and 49PEO-PA12 membranes exhibit 

CO2/O2 selectivities of nearly 30 at 5 °C. 
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Figure 6.4. Comparison of permeability and selectivity in PEO and PTMO-based 

PEBAX copolymers at temperatures from 5 to 35 °C. Dashed lines represent 

the best fit to the Arrhenius relationship between permeability and 

temperature. 

The temperature dependence of permeability in these materials can be modeled 

using a simple Arrhenius relationship as follows [14]: 

TREPePP



/

0  (1) 
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where P0 is a pre-exponential factor, EP is the activation energy of permeation, and R is 

the gas constant. The parameters for this equation were fit to the experimental data 

presented in Figure 6.4 and are shown in Table 6.2. This model will be used in the 

following section, which describes how PEBAX materials may be used in MAP 

applications. 

Table 6.2. Arrhenius parameters for the temperature dependence of gas permeation in 

PEBAX copolymers. 

 P0 (Barrer) EP (kJ/mol) 

Polymer CO2 O2 N2 CO2 O2 N2 

80PTMO-PA12 9.87×10
5
 1.40×10

7
 5.36×10

7
 21.3 33.7 39.4 

49PEO-PA12 1.66×10
6
 1.03×10

8
 4.46×10

6
 24.5 41.7 35.9 

6.2.3 Prediction of Parameters for PEBAX Films for MAP 

Two material properties are most important in the construction of a MAP 

membrane: O2 permeability, and CO2/O2 selectivity [20,21]. MAP membrane O2 flux (a 

function of O2 permeability, membrane area, and active layer thickness) determines how 

effectively the package can replace O2 depleted by produce respiration. Commercially 

available products, such as Landec’s Intellipac MAP membrane, generate very high O2 

fluxes by using thin surface coatings deposited on porous substrates. This is in contrast to 

the approach in this project, which uses high permeability materials so that the separating 

layer may be thicker. It should be noted that the CO2/O2 selectivity of Intellipac MAP 

membranes was measured to be ~ 4, indicating that the applications for which the 

membrane is intended are much more limited than for PEBAX materials designed to 

provide equivalent O2 flux. 

Because the Intellipac separating layer material is proprietary and exists in the 

form of a thin surface coating of unknown thickness, it is easiest to compare the O2 

permeance of the Intellipac membrane to that of PEBAX membranes. Permeance is the 
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pressure normalized O2 flux, where 1 Gas Permeation Unit (GPU) = 1 Barrer/μm. The 

results of this comparison, presented as O2 permeance as a function of temperature, are 

shown in Figure 6.5. 

The O2 permeance of the Intellipac membrane is substantially higher than that of 

either the 80PTMO-PA12 or 49PEO-PA12 PEBAX films at all temperatures. Its O2 

permeance increased from 34 to 71 GPU as temperature was increased from 5 to 35 °C. 

The separating layer of the Intellipac membrane is likely thinner than 1 μm [22], 

compared to the 38 to 48 μm thickness of the extruded PEBAX films. Because the 

thickness of the separating layer in the PEBAX films is known (in this case, it is just the 

total film thickness), the required thickness to match the O2 permeance of the Intellipac 

membrane can be calculated as a function of temperature. The O2 permeability of the 

PEBAX films increases more rapidly with temperature than does the Intellipac 

membrane, resulting in less stringent thickness requirements (i.e., the membrane can be 

thicker) at higher temperatures. 80PTMO-PA12 films can be as thick as 0.4 μm at 35 °C 

and exhibit equivalent O2 permeance. Unfortunately, it is not currently possible to 

extrude a free-standing PEBAX film much thinner than about 15 μm, so a different 

solution must be pursued. 
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Figure 6.5. The O2 permeance of extruded PEBAX copolymer films compared to that of 

a commercially produced Landec Intellipac MAP composite film at 

temperatures from 5 to 35 °C (top). The thickness required of a PEBAX 

separating layer to provide O2 flux equivalent to the Intellipac composite 

film was then calculated (bottom). 
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To create a MAP membrane with reasonable coverage (i.e., not too large) on the 

package, the O2 permeance of the membrane should be approximately 30 GPU. Figure 

6.6 presents the required membrane thickness of the PTMO and PEO-based PEBAX 

grades studied at 35 °C to reach several different values of O2 permeance. 

To meet this performance standard, a film made of 80PTMO-PA12 would need to 

be about 0.9 μm in thickness, and a film made of 49PEO-PA12 would need to be about 

0.3 μm in thickness. Because of the superior CO2/O2 selectivity of the PEO-based 

PEBAX, 49PEO-PA12 will be used alongside the higher permeability 80PTMO-PA12 

grade to develop package parameters that would yield an optimal atmosphere for apple 

storage. 



 137 

1

10

100

0.1 1 10
PEBAX Film Thickness (m)

O
2
 P

e
rm

e
a
b

il
it

y
 (

B
a

rr
e
r)

O
2
 Permeance (GPU) = 50 30 15 5

20

80PTMO-PA12

52PTMO-PA12

28PTMO-PA12

49PEO-PA12

T = 35 °C

 

Figure 6.6. O2 permeance of PEBAX membranes with different O2 permeabilities as a 

function of total film thickness. The target O2 permeance (30 GPU) is 

outlined in solid black. 

The storage of apples is a relatively demanding application for MAP materials, 

with optimal conditions consisting of low levels of CO2 (1 to 2%) and O2 (1.8 to 3%) 

[21,23]. As mentioned in Chapter 2, reaching these conditions requires a membrane with 

both high CO2/O2 selectivity and high O2 flux. Ripening and eventual spoilage of apples 

may also be forestalled by storage at temperatures only slightly above freezing, although 

higher temperatures may be encountered both during shipping and when on display for 
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sale. Like the transport properties of PEBAX materials discussed in the previous section, 

the metabolic behavior of produce is temperature dependent. The purpose of the 

following analysis is to use a simple model developed previously [20,21] to determine 

package atmospheric composition. That analysis will be extended by invoking the 

temperature dependence of both the membrane materials (49PEO-PA12, 80PTMO-

PA12) and produce (apples) to determine the required membrane area to reach an optimal 

package composition as a function of temperature. 

A previous study focused on the storage of produce in large quantities in a 

container with a selective membrane in contact with a well-mixed environment and a 

non-selective membrane in contact with a chamber supplied with a controlled air flow 

[21]. By varying the air flow, the slope of the operating line defining the achievable 

compositions can be altered, creating a versatile system for large scale produce storage. 

However, when the air flow to the non-selective membrane is exactly the quantity 

required to create an isobaric condition in the container, the analysis is simplified, and the 

physical situation becomes plausible for small scale produce storage. In this case [20], the 

operating line, which runs between the atmospheric composition and that of the CO2 

concentration at zero package O2 (xCO2,0), can be defined in terms of three parameters: 
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where α is the selectivity of the displayed gas pair, and RQ is the ratio of the produce 

CO2 production to that of its O2 consumption, a value typically close to 1.2 [21]. The 

value of RQ is generally reported as a fixed value regardless of temperature [23], 

meaning that the slope of the operating line varies with the temperature dependent values 

of CO2, O2, and N2 permeability. The composition in the package is set by the following 

equations: 
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where W is the produce weight, RCO2 is the temperature dependent CO2 production rate 

of the produce, lm is the packaging membrane thickness, and Am is the membrane area. 

The actual composition in the package is a function of several design parameters (W, lm, 

Am), the membrane material properties, and the produce biology. The temperature 

dependence of the CO2 production rate obeys, like the temperature dependence of 

membrane permeability, an Arrhenius relationship. The pre-exponential factor and the 

activation energy of CO2 production for apples and other produce types are reported 

elsewhere [23]. 

Two types of analysis are presented in Figure 6.7. The first analysis assumes that 

a 1 μm thick membrane made of either 49PEO-PA12 or 80PTMO-PA12 is affixed to a 

standard size package of apples (W = 2.27 kg) [23] that respire with RQ = 1.2. The area 

of each membrane is fixed at a value which ensures that as the package temperature is 

varied, the package composition passes through the optimal range. The temperature 

required to reach several compositions are labeled for each membrane material. The 

higher permeability 80PTMO-PA12 requires much less membrane area than the 49PEO-

PA12, and achieves the optimal composition at lower temperatures as well. Due to the 

shape of the optimal range and the way that composition varies with package temperature 

for these materials, O2 composition plays a larger role than CO2 composition in achieving 

the optimum. When the package is subjected to a temperature that causes it to depart 

from the optimal range, it is nearly always because the O2 requirement is not met. 



 140 

The second type of analysis examines combinations of temperatures and areas 

where the optimal range for apple preservation can be achieved. Values for both materials 

are again presented for the temperatures at which PEBAX permeability has been 

characterized. The upper and lower area limits at a given temperature define an envelope 

in which the optimum conditions are achieved. These limits are calculated by varying the 

membrane area at a given temperature until one of the optimal compositions is no longer 

met. The envelope for both materials is quite narrow, primarily due to the stringent O2 

requirements. Both materials cannot achieve the optimal range beyond certain 

temperatures. 49PEO-PA12 cannot reach the optimum below about 7 °C, and 80PTMO-

PA12 cannot reach it above about 17 °C. To give this analysis perspective based on 

existing MAP products, the Landec Intellipac membrane previously discussed has an area 

of 72 cm
2
, indicating that when an active layer thickness of 1 μm is assumed, membranes 

made from PEBAX range from large to enormous. 
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Figure 6.7. CO2 and O2 compositions achievable in an enclosed package of apples upon 

which a PEBAX membrane of a given thickness and area has been affixed 

(top). The optimum atmosphere for apples can be achieved in a narrow 

envelope of package temperatures and membrane areas (bottom). 
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The optimal range consists not only of extending the shelf life of the produce, but 

also of achieving high scores in subjective evaluations (flavor, texture, scent, appearance) 

by tasters [24]. Conditions between the optimum and the ambient atmosphere should also 

produce improvements in the storage of produce, and the design of a MAP package 

should not be seen as a failure if the optimum is not achieved. The only strict requirement 

is that the O2 levels may not be allowed to bottom out in the package, because this can 

facilitate the growth of harmful anaerobic bacteria, or anaerobic respiration in the 

produce, which may result in other toxins [25]. Achieving a composition between 

atmospheric and the optimum may result in favorable outcomes, but these are best 

addressed by a more complex economic analysis that is outside the scope of this 

dissertation. 

6.2.4 Multilayered β-iPP/PEBAX Films for MAP Applications 

Multilayered films made of the materials studied to this point were produced by 

coextrusion with the goal of creating membranes suitable for MAP applications. A 

representative SEM scan of such a film is depicted in Figure 6.8. 

 

Figure 6.8. SEM (edge view) of multilayered PEBAX/β-iPP membrane. 

Films with three layers were coextruded and biaxially stretched at several draw 

ratios to investigate the effect of elongation on transport properties in these films. It is 
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well-established that the draw ratio influences pore formation in biaxially stretched β-iPP 

films [26,27], and other work has examined the role of orientation on the transport 

properties of PEBAX films [5,8]. 

The influence of biaxial draw ratio on transport in these multilayered films is 

presented in Figure 6.9. Permeabilities are calculated based only on the thickness of the 

PEBAX layers in the film. This calculation relies on the assumption that the PEBAX 

layers are continuous, and that the porous layer has no resistance to mass transfer. The 

measured CO2 permeability exhibits a substantial decrease relative to that of the control 

material, while the O2 permeability is either equivalent to the control or shows an 

increase. There is no perceptible pattern to these trends as a function of draw ratio, 

although lower values of CO2 permeability tend to correspond with lower values of O2 

permeability. The separation capability of these membranes is substantially reduced, with 

CO2/O2 selectivities around 5 instead of 9. The explanation for this overall behavior, and 

especially that of greatly increased O2 permeability, is that there are continuous defects in 

the dense material through the membrane of a large enough area that a significant fraction 

of transport occurs through them. An area fraction of approximately 0.002 of exposed 

porous substrate would correspond to this physical situation. The reduced CO2 

permeability observed in the films requires a different explanation. There is an additional 

resistance to mass transfer beyond that of the PEBAX layer, and it affects CO2 transport 

more strongly than O2. The resistance must therefore be composed of a material with a 

lower CO2/O2 selectivity than PEBAX, which is consistent with the presence of intact PP 

in the film. These ideas will be explored more fully in the discussion of multilayered 

films to follow. 
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Figure 6.9. Permeability and selectivity of 3-layer PEBAX/β-iPP biaxially stretched 

multilayer films. Permeabilities are calculated based on the composition of 

the selective PEBAX layer (30 vol. %) with the assumption that the support 

layer provides no resistance to mass transfer. Dashed lines in corresponding 

colors represent the permeability and selectivity of extruded single layer 

PEBAX films, which serve as a control. 

Because no conclusive data about the optimum draw ratio for these multilayered 

films were obtained from the experiments described by Figure 6.9, the remainder of films 

were produced with a biaxial draw ratio of 2, which is recommended for optimum pore 

formation in β-iPP films [27]. Although orientation effects affect the permeability of 
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80PTMO-PA12 by creating PTMO structures which melt at 40 to 45 °C [5], each 

multilayered film was stretched at 100 °C, preventing orientation from occurring in these 

films. Two variables were examined for their effects on gas transport: the number of 

layers, and the volume fraction of PEBAX in the film, outlined previously. 

Figure 6.10 displays the O2 throughput and the separation ability of the 

multilayered films. The top figure shows the performance of the multilayered films 

relative to the O2 permeance target (30 GPU) for MAP membranes. All films have O2 

permeances of less than 5 GPU, while exhibiting a substantial reduction in expected 

permeability compared to the control PEBAX film at a given thickness. Films with 3 

layers appear to attain both higher permeabilities and permeances than 17-layer films, 

indicating that pore formation is likely inhibited when there are a greater number of 

layers. In the 3-layer films, higher PEBAX content results in greater permeability in the 

PEBAX layers. Permeabilities are about the same in 17-layer films with different 

PEBAX contents. This increase in permeability cannot offset the reduction in total 

PEBAX thickness, however, because the films with lower PEBAX content exhibit higher 

permeance. The bottom figure displays film selectivity as a function of O2 permeance. 

The films generally have much lower selectivity than single layer PEBAX films, with the 

effect most pronounced in films with 17 layers and films with 10 vol. % PEBAX. Films 

with 17 layers, in particular, have quite low selectivity. 

These are complex materials with internal structures that clearly vary depending 

upon layer count and layer composition, as well as from sample to sample. To understand 

the performance of these materials, a model that accounts for the influence of inadequate 

pore formation on the observed transport properties will be developed in the following 

pages. 
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Figure 6.10. O2 permeability of multilayered films as a function of total PEBAX 

thickness (top) and multilayered film CO2/O2 selectivity as a function of 

film permeance (bottom). The permeability and selectivity of a single layer 

80PTMO-PA12 film is shown. Results for 3L-10 (), 3L-30 (), 17L-10 

(), and 17L-30 () films are presented. 
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A simple model for gas transport through multilayered membranes is presented in 

Figure 6.11. 

 

Figure 6.11. One possible schematic for a model of gas transport in multilayered films 

with a dense PEBAX layer and a porous support. Interactions between 

PEBAX and β-iPP where they interface may result in areas where porosity 

is not formed in the β-iPP (top). Gas transport in this model occurs in 

parallel, with one area (ε) experiencing resistance to mass transfer from both 

PEBAX and the intact dense PP, and the other area (1 - ε) experiencing 

resistance only from PEBAX (bottom). The area coverage ε and intact PP 

thickness lPP are model parameters. 

Mathematically, this can be represented using the following three equations: 
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This model can be understood conceptually as the transport of gas i through series 

resistances operating in parallel. One resistance has area fraction ε, and it is composed of 

a PEBAX layer of thickness lPEBAX in series with an intact (i.e., dense) PP layer of 

thickness lPP and a porous layer of thickness lporous,1. The other resistance has an area 

fraction (1 – ε), and it is composed of a PEBAX layer of thickness lPEBAX in series with a 

porous layer of lporous,2. The total thickness is lcomposite. In both cases, the resistance of the 

porous layer is assumed to be negligible, leading to the approximations displayed above. 

The permeability of pure PEBAX at 23 °C to the relevant gases is known, and the 

permeability of dense PP (assumed here to be 50% crystalline) is reported elsewhere [28]. 

The total thickness of PEBAX layers is known from its volume fraction in the melt. The 

model, therefore, has only two parameters (ε and lPP), and it may be solved given the 

permeability of the composite film to two gases, CO2 and O2. Other models with more 

sophisticated treatments of the structures present in these multilayered films (i.e., the 

consideration of defects) would be possible if permeability data for additional gases were 

available. The calculated parameters for the films are shown in Table 6.3. 
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Table 6.3. Model parameters for transport in multilayered β-iPP/PEBAX membranes. 

Each (ε, lPP) pair for a given layer configuration and PEBAX content 

corresponds to the value for an individual sample of those specifications.  

3L-10 3L-30 17L-10 17L-30 

ε lPP (µm) ε lPP (µm) ε lPP (µm) ε lPP (µm) 

0.740 0.539 0.688 0.735 0.962 0.951 0.914 3.220 

0.759 0.331 0.623 0.469 0.944 0.808 0.840 2.930 

0.751 0.486 0.559 1.677 0.922 1.289 0.877 2.533 

0.420 1.499       0.908 1.354 

0.736 0.481          

0.720 0.813          

The results of evaluating the performance of multilayered films using the model 

are presented in Figure 6.12. Performance is cast in terms of the ratio of multilayered film 

O2 permeability to 80PTMO-PA12 permeability and in terms of multilayered film 

CO2/O2 selectivity to 80PTMO-PA12 selectivity. The ratio of lPP to lPEBAX is used to 

allow comparison between films with different PEBAX thicknesses, and this ratio is 

called τ. For these materials, the maximum value of τ should be 9, which corresponds to a 

film with 10 vol. % PEBAX and 90 vol. % intact PP. In practice, τ was found to be less 

than 0.6. If a membrane’s structure corresponds to the physical situation captured by the 

model, its properties must lie between the bounds defined by Figure 6.12. It is possible 

for a membrane with a different structure to exhibit these properties, but if the membrane 

properties lie outside of this envelope, its construction certainly does not correspond to 

the model physics. Generally, as τ and ε increase, the O2 permeability of the multilayered 

film decreases. At a fixed value of ε, where ε < 1, CO2/O2 selectivity decreases as τ 

increases, reaches a minimum value, and then increases. When ε = 1, selectivity 

decreases as τ increases. When ε = 0, the selectivity is equal to that of PEBAX. At a fixed 

value of τ, where τ > 0, selectivity decreases as ε increases. At τ = 0, the selectivity is 

equal to PEBAX. When ε = 1 and τ is very large, the selectivity is equal to PP. 
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These results yield physical insight about the cause of performance differences 

between 3-layer and 17-layer films, as well as between films having different PEBAX 

content. The area coverage of dense PP, ε, is a more important parameter to the 

separation performance of these films than the thickness of that PP layer, lPP. There are 

more interfaces between PEBAX and PP layers (16 total) in 17-layer films than in 3-layer 

films (2 total). Thus, there should be more interactions per unit volume of PP in films 

with more layers. If interactions between PEBAX and PP layers during stretching retard 

pore formation, 17-layer films should have greater values of ε than 3-layer films and 

correspondingly lower selectivity. This is in fact what is seen in 17-layer films relative to 

3-layer films, where every 17-layer film observed had a value of ε above 0.8. 

Additionally, when PEBAX layers are thinner, their interaction with PP should be 

stronger [29], potentially retarding pore formation in PP and again reducing selectivity. 

At a fixed number of film layers, modeling results show that films with one third the 

PEBAX thickness (i.e., 10 vol. % PEBAX instead of 30 vol. % PEBAX) have higher ε 

values. This observation could indicate that the retardation of pore formation occurs more 

often at the interface in films with more layers. The total thickness of the PP layers, lPP, 

was also greater in 17-layer films than in 3-layer films, which may mean that pore 

formation is less efficient per PP layer. Practically, if one were to design an optimal 

multilayered film of this type, that film should have one separating layer and one porous 

layer. 
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Figure 6.12. Influence of transport model parameters on the O2 permeability and CO2/O2 

selectivity of multilayered films. Results for 3L-10 (), 3L-30 (), 17L-10 

(), and 17L-30 () films are presented. 
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The topic of produce preservation can also be revisited in the context of the 

performance of these multilayered films. Using the permeability and selectivity data for 

the multilayered films discussed in the previous pages, the ability of these films to 

approach the optimum preservation conditions for apples is examined. Figure 6.13 shows 

the membrane area required to achieve an optimal concentration of 2.4% O2, and the 

resulting deviation from the optimal CO2 content. The optimal content cannot be 

achieved with 80PTMO-PA12 at 23 °C, but the deviation from the optimal range is fairly 

small. Compared to pure 80PTMO-PA12, the multilayered films develop a package CO2 

level over 2% higher, while requiring membrane areas 3 to 30 times larger. This is 

primarily due to the low permeance provided by the multilayered membranes, which is 

caused by PEBAX layers that are too thick and the existence of large areas of intact PP. 
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Figure 6.13. Application performance of multilayered films (apple storage, 23 °C). The 

membrane area required to reach a package composition of 2.4% O2 and the 

resulting CO2 composition is calculated. The membrane areas are 

normalized by the value for an 80PTMO-PA12 membrane of 1 µm 

thickness operating at 23 °C. Results for 3L-10 (), 3L-30 (), 17L-10 

(), and 17L-30 () films are presented. 

Multilayered films were thermally annealed at 140 °C prior to stretching so that 

the benefits to pore formation witnessed in the previous chapters might be attained. The 

results of this experiment are presented in Figure 6.14. Compared to as-extruded films, 

the thickness of annealed films is decreased, but the O2 permeability also decreases. This 
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results in a modest improvement in permeance, but not nearly enough to overcome the 

shortcomings of the existing films depicted in Figure 6.13. 
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Figure 6.14. Influence of thermal annealing on the O2 permeability of 3-layer PEBAX/β-

iPP films composed of 10 vol. % PEBAX. 
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Chapter 7. Conclusions and Recommendations 

 

7.1 CONCLUSIONS 

7.1.1 Porosity of Thermally Annealed β-iPP Films 

The crystallinity of extruded β nucleated isotactic polypropylene (β-iPP) materials 

was influenced by the MFI of the iPP used, the extrusion conditions, and by the annealing 

treatment applied to the extruded films. An accounting of the crystallinity in these films 

by DSC and XRD techniques enabled the development of useful metrics of β crystallinity 

in these materials. These metrics can be used to predict the porosity of the films when 

they are biaxially stretched under comparable conditions. The growth of stable β1 crystals 

in β-iPP materials, which was facilitated by appropriate post-extrusion annealing, was the 

most important factor in creating highly porous films. The mechanism of pore formation 

in biaxially stretched β-iPP films was clarified and used to explain pore formation in the 

films. This model is based on an understanding of the physical processes occurring 

during the extrusion, thermal annealing, early biaxial stretching, and late biaxial 

stretching stages of porous film production. 

A variety of iPP materials and precursor thermal annealing conditions can be used 

to successfully create microporous membranes with this approach, compared with the 

more strict processing requirements of row-nucleated materials such as Celgard. This 

flexibility makes β-iPP microporous films attractive in their own right or for use in 

                                                 
  Portions of this chapter have been adapted with permission from the following articles: 

G.T. Offord (author, primary experimentalist), S.R. Armstrong (editor, sample preparation), B.D. 

Freeman (editor), E. Baer (editor), A. Hiltner (editor), J.S. Swinnea (XRD experiments), D.R. Paul 

(editor)., Polymer. 54 (2013) 2577–2589. 

G.T. Offord (author, primary experimentalist), S.R. Armstrong (editor, sample preparation), B.D. 

Freeman (editor), E. Baer (editor), A. Hiltner (editor), D.R. Paul (editor), Polymer. 54 (2013) 
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multilayered composite membranes where the temperature, viscosity, or other 

requirements for the nonporous material limit the range of extrusion conditions that can 

be used. 

7.1.2 Factors Influencing Permeability of β-iPP Films 

The relationship between the amount of well-developed β crystalline material and 

the extent of pore formation upon stretching in a β-iPP film is affected by the stretching 

temperature, reflecting ifferences in stress during stretching and the different 

transformation modes of β crystals with temperature. Measured differences in porosity 

and permeability are qualitatively reflected in SEM imaging of β-iPP stretched films as a 

function of annealing and stretching temperature. Stretched β-iPP film permeability 

tracks film porosity, similar to other polypropylene films in the literature and to 

commercially manufactured porous films. The high permeability of our β-iPP films was 

comparable to these quality commercial films. The pore size distributions for the films 

were narrow relative to other β-iPP films, and the mean values were in the ultrafiltration 

range. Permselectivity measurements and the pore size were used in conjunction to 

demonstrate the transport mechanism of gas through the membranes, which was 

primarily in the Knudsen diffusion regime. The high permeability and narrow pore size 

distribution were achieved across a range of iPP resin viscosities and stretching 

treatments. This process flexibility indicates that β-iPP materials are potentially a good 

candidate to provide a porous support layer in coextruded composite membranes, 

enabling the manufacture of economically advantageous and environmentally friendly 

separations technologies. 



 160 

7.1.3 Production and Characterization of Multilayered Membranes for Modified 

Atmosphere Packaging (MAP) 

The permeabilities to several gases of PEBAX grades containing poly(ethylene 

oxide) (PEO) and poly(tetramethylene oxide) (PTMO) were measured over a range of 

transmembrane pressures and experimental temperatures. It was found that PEO-based 

grades exhibit higher selectivities to CO2 over light gases than PTMO-based grades, but 

that PTMO-based grades exhibit higher permeabilities. The permeability of these 

materials is dependent upon the PE soft block content, with greater PE contents resulting 

in higher permeabilities and, to a certain point, higher selectivities of CO2 over light 

gases due to its strong interaction with ether oxygen linkages. One PEO-based PEBAX 

film and one PTMO-based film were studied for their usefulness in MAP applications by 

examining the temperature dependence of their transport properties. Although the PEO-

based grade had a high CO2/O2 selectivity, its low permeability over a range of 

temperatures made it less useful than the PTMO-based grade. 

The two materials were compared to a commercial MAP product (Landec 

Intellipac), and it was determined that a layer of less than 1 um would be required to meet 

its high O2 permeance. The high selectivity of these PEBAX grades, however, makes 

these materials of some interest for the preservation of produce like apples. Their 

performance was modeled for a hypothetical standard package of apples, and the required 

combination of membrane area and storage temperature for each material was 

determined. The high throughput PTMO-based PEBAX required less area and lower 

storage temperatures than the PEO-based grade. 

Multilayered films of β-iPP and the PTMO-based PEBAX were produced, and 

their performance was studied over a range of biaxial draw ratios, layer counts, and 

PEBAX content. No discernable trend was found in the performance of the films based 
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on draw ratio. Generally, 3-layer films performed better than 17-layer films, and higher 

PEBAX contents resulted in films with higher selectivities but lower permeances. 

Comparison of the multilayer results with those of single layer PEBAX films indicated 

the imperfect nature of the pore formation in multilayered films, and this was modeled 

using two parameters with distinct physical meaning. This effort showed that large areas 

of intact, nonporous PP still existed in all of the multilayered films, inhibiting the 

transport properties. The performance of the multilayered films in the context of MAP 

was also determined, with very large membrane areas required to obtain even middling 

packaging performance. Thermal annealing the multilayered films slightly improved O2 

permeance, but it does not qualitatively change the assessment of these films as 

unsuitable for MAP applications. 

 

7.2 RECOMMENDATIONS FOR FUTURE STUDIES 

7.2.1 Improved Crystallinity for Pore Formation in β-iPP 

The quantity of perfected β material, which is indexed by the volume fraction of 

β1 determined by DSC experiments, is the primary factor in β-iPP pore formation. Other 

studies have shown that different β nucleators and nucleator loading influence the amount 

and development of crystallinity [1]. Depending upon the nucleator and its loading, β-iPP 

can exhibit exclusively β1 peaks, perhaps indicating a more suitable material for pore 

formation than the β-iPP we studied, which had double peak behavior. Many β nucleators 

also nucleate α crystallinity [2], which could influence the stretching behavior of films 

and, therefore, pore formation. Different β nucleators have been used in the production of 

porous β-iPP films, but there have been no systematic studies of nucleator type or loading 

on pore formation. A more effective nucleator might improve pore formation not just in 
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single layer films, but also in multilayered films, where it was observed that confinement 

resulted in areas of intact PP. 

7.2.2 Microporous β-iPP Films for Liquid Separations 

Very few studies have previously examined β-iPP microporous films for 

separations in the liquid phase [3,4]. The pore size distribution in the materials studied in 

this dissertation is narrow, and the mean pore size is in the ultrafiltration size range. 

Because the porous membranes were biaxially stretched, they can be expected to have 

excellent mechanical properties in the machine and transverse directions, unlike other 

extruded porous films such as Celgard [3]. These advantages make them potentially 

attractive as battery separators, where separator integrity is an important characteristic 

[5]. Porosity and gas permeability are often used as proxies for transport of ions in the 

liquid phase for this application, and the properties of β-iPP films are comparable to 

Celgard films in this regard. Direct characterization of the transport of ions in the liquid 

phase would further demonstrate the utility of these materials as separators. The 

measurement of water transport through β-iPP films would also prove to be a useful first 

step if they are to be used as supports for potential extruded nanofiltration or reverse 

osmosis (RO) membranes. 

7.2.3 Pore Formation of β-iPP in Confined Environments 

The good pore formation of β-iPP films is mitigated by PEBAX confinement, 

with pore formation inhibited in the PP over large areas, and thicknesses of several 

hundred nanometers of intact PP per layer remaining in these areas. It is not currently 

known whether the influence of PEBAX is strongest due to its influence on the 

crystallization of β-iPP or its influence on the stretching process. Fundamentally, it would 

be interesting to know how pore formation is influenced by contact with different 
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materials (e.g., thermoplastic elastomers like PEBAX, glassy polymers, or even polymers 

in the melt at the applied stretching temperature). Practically, this issue must be 

understood so that useful multilayered membranes with a porous support can be 

produced. 

The simplest conceivable experiment along these lines would be to coextrude β-

iPP and a rheology-matched rubbery polymer which would provide “soft” confinement. 

These could be coextruded in a 3-layer configuration, with two rubbery layers 

sandwiching the β-iPP layer. After coextrusion, one of two protocols could be followed: 

1. Soxhlet extraction to remove the rubbery material followed by biaxial 

stretching of the recovered PP 

2. Biaxial stretching of the multilayered film followed by Soxhlet extraction to 

remove the rubbery material 

Polypropylene is quite resistant to dissolution in many common solvents, so many 

combinations of rubbery polymers and solvents would be possible. The resulting β-iPP 

films could be compared to one another for porosity and permeability as described 

previously, and also compared to extruded single layer β-iPP films. The interpretation of 

the results would be relatively straightforward. If the first protocol shows significantly 

better pore formation than the second, confinement during stretching is the primary 

inhibitor. If single layer extruded β-iPP films show better pore formation than the 

multilayered films, layer confinement causes crystallization that is unfavorable to pore 

formation upon stretching. This general outline could be refined to include the effects of 

relative layer thicknesses and the nature of the confinement by altering the amount and 

identity of the confining material. 
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7.2.4 Optimized Multilayered Membranes for MAP Applications 

The primary challenge associated with fabricating extruded multilayered 

membranes for MAP is their low O2 permeance. There are three basic strategies to 

address this challenge: 

1. Improve the pore formation process 

2. Decrease the total thickness of the active layer(s) 

3. Increase the permeability of the active layer(s) 

The first strategy is discussed elsewhere in this chapter. In the context of MAP 

applications with the materials currently being used, extruding a two-layer film with the 

minimal amount of PEBAX possible would likely yield the best results due to the 

reduced likelihood of interactions between the PEBAX and its support layer during 

crystallization or stretching. 

The second strategy may be possible if the coextruded materials are exceptionally 

compatible, and the flow of the thin active layer in the melt remains intact. This strategy 

will not be further discussed because it is largely empirical, and the desired properties of 

the layer materials are generally given higher priority than rheological compatibility. 

The final strategy is of most interest, because there have been a number of 

advances beyond PEBAX in the area of polyether-containing block copolymers. One 

such method to increase O2 permeability that was of interest but not attempted during this 

project was the incorporation of poly(ethylene glycol) (PEG) into PEBAX to form a 

blend with higher ether oxygen concentrations. These materials have been studied 

elsewhere, and exhibit both higher permeabilities and higher CO2/O2 selectivities than 

native PEBAX materials [6]. The viscosity of the blend would also decrease with 

increasing PEG content, providing some measure of melt rheology control. Another 

possibility is the synthesis of custom block copolymers with enhanced phase separation 
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compared to PEBAX, resulting in higher permeability through the polyether phase [7]. 

The lack of material availability would be the main challenge of this approach, so it 

would likely be less attractive than using PEG/PEBAX blends. 

Beyond strategies for improving O2 permeance, a practical consideration for any 

MAP membrane is the fact that produce packages are a highly humid environment (80 to 

90% relative humidity) [8] and that the transport of water vapor in these materials may 

influence the transport of other gases [9]. Both single layer films of the separating 

material as well as any multilayered films produced should therefore be tested for their 

permeabilities under different humidity conditions, an experiment which is now possible 

in our labs since the construction of a mixed gas permeation system with water vapor 

injection. This realistic environment would give a true indication of the performance of 

any MAP membranes produced. 

7.2.5 Coextruded Membranes with Porous Supports 

In conjunction with projects meant to further understand and improve pore 

formation in β-iPP films, several multilayered membranes should be investigated. 

Revisiting the battery separator application, it may be possible to coextrude a trilayer 

battery separator [5,10] with enhanced shutdown response if porous β-iPP layers can be 

combined with a lower-melting material that can be made porous through, for example, 

the inclusion of fillers. This would represent a processing improvement over current 

trilayer films, which are constructed using a lamination process. 

Several other promising applications are depicted in Figure 7.1. Pseudo-

asymmetric membranes for applications such as ultrafiltration may also be fabricated 

using multilayer coextrusion. Using a single grade of iPP, different types or loadings of β 

nucleators could be masterbatched to obtain several iPP feedstocks with identical or very 
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similar rheology but distinct crystallization behavior [11]. These feedstocks could be 

coextruded and biaxially stretched so that each layer has different porosities and pore size 

distributions. Ideally, they could be arranged in descending order of pore size, so that the 

separating layer has mechanical support from the other layer(s). 

As mentioned previously, extruded RO membranes are also a possible application 

using this technology. Coextruded membranes for this application are currently being 

investigated. The separating layer is made of disulfonated poly(arylene ether sulfone) 

(BPS) materials, a chlorine-resistant, high flux RO material, which is impregnated with 

poly(ethylene glycol) (PEG) to achieve rheological compatibility with β-iPP by lowering 

the BPS Tg. Compatibility between the support layer and active layer has proven to be the 

main challenge to this point in these studies. It would also be possible to improve 

rheological compatibility by implementing reactive extrusion techniques, which degrade 

PP chains and reduce melt viscosity [12]. This technique has already been demonstrated 

for β nucleated polypropylenes. 

A final intriguing possibility for multilayered films is in CO2/CH4 separations via 

the introduction of poly(4-methyl-1-pentene) (P4M1P) as the active layer. Like 

syndiotactic polypropylene, P4M1P is one of the few materials with a crystalline phase 

less dense than the amorphous phase and where appreciable mass transfer occurs through 

the crystalline phase in permeation experiments [13]. The size of a CH4 molecule is 

comparable to the spacing in the crystalline lattice, and so estimates of its diffusion in the 

pure crystalline phase show a large reduction relative to smaller gases [13]. Previously, it 

has been demonstrated with PEO that orientation in a confined configuration can result in 

single crystal sheets [14]. If the crystallinity of P4M1P can be enhanced through 

orientation in a multilayered configuration while a porous support is simultaneously 

formed, a very efficient membrane for CH4 separations would be the result. 
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Figure 7.1. Three potential multilayered membranes and their constituent materials. 
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