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Liège, Belgium

J. Karger-Kocsis
University of Technology
and Economics
Budapest, Hungary

Byung K. Kim
Pusan National University
Pusan, South Korea

J. M. Lagaron
Packaging Lab., IATA-CS1C
Valencia, Spain

Jean L. Leblanc
Universit�e Pierre et Marie Curie
Paris, France

Alan J. Lesser
University of Massachusetts
Amherst, MA, USA

Yongfang Li
Chinese Academy of Sciences
Beijing, China

Michael Malkoch
KTH Royal Institute of Technology
Stockholm, Sweden

Robert Matheson
DuPont Automotive Products
Troy, MI, USA

Kenneth Mauritz
University of Southern Mississippi
Hattiesburg, MS, USA

Jimmy W. Mays
University of Tennessee
Knoxville, TN, USA

Michael A. R. Meier
Karlsruhe Institute of Technology
Karlsruhe, Germany

Han E. H. Meijer
Eindhoven University of Technology
Eindhoven, Netherlands

Goerg H. Michler
Martin Luther University
Halle Wittenberg
Halle, Germany

Philip Molyneux
Macrophile Associates
Nottingham, UK

Koon-Gee Neoh
National University of Singapore
Singapore, Singapore

Cheolmin Park
Yonsei University
Seoul, South Korea

Donald R. Paul
University of Texas
Austin, TX, USA

Nicholas A. Peppas
University of Texas at Austin
Austin, TX, USA

Robert E. Prud’homme
Princeton University
Princeton, NJ, USA

D. K. Setua
Defense Materials and Stores
Research & Development
Establishment
Kanpur, India

Arthur W. Snow
Naval Research Laboratory
Washington, DC, USA

Bluma G. Soares
Universidade Federal do
Rio de Janeiro
Rio de Janeiro, Brazil

S. C. Tjong
City University of Hong Kong
Kowloon, Hong Kong

Ricardo Vera-Graziano
Instituto de Investigaciones en
Materiales, UNAM
Mexico DF, Mexico

Christoph Weder
University of Freiburg
Freiburg, Germany

Robert A. Weiss
University of Connecticut
Storrs, CT, USA

Andrew K. Whittaker
University of Queensland
Brisbane, Australia

Paula Wood-Adams
Concordia University
Montreal, QC, Canada

Kenneth J. Wynne
Virginia Commonwealth University
Richmond, VA, USA

Liqun Zhang
Beijing University of Chemical
Technology
Beijing, China

J_ID: Z8Q Customer A_ID: Cadmus Art: Ed. Ref. No.: Date: 30-January-12 Stage: Page: 1

ID: thambikkanue I Black Lining: [ON] I Time: 14:29 I Path: N:/3b2/APP#/Vol00000/090005/APPFile/APP_EDBD_1

VOL 1 | NO 1 | 1 JANUARY 2013

Special Issue: Microfiltration and Ultrafiltration 
Membrane Science and Technology

Guest Editors:  Prof. Isabel C. Escobar (University of Toledo) and 
                Prof. Bart Van der Bruggen (University of Leuven)

http://onlinelibrary.wiley.com/doi/10.1002/app.41661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41712/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41712/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41712/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41844/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41844/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41870/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41870/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41870/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41435/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41435/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41435/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41553/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41553/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41778/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41778/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41874/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41874/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41540/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41540/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41540/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41610/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41610/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41550/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41550/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41437/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41437/abstract


Forensic analysis of degraded polypropylene hollow fibers utilized in
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ABSTRACT: Numerous polypropylene hollow fiber microfiltration membrane modules were severely degraded after utilization as

pretreatment in a military water purification system. To determine the plausible causes of degradation, thermal, chemical, and

mechanical material properties were initially evaluated by using differential scanning calorimetry, thermogravimetric analysis, 13C

solid-state nuclear magnetic resonance, attenuated total reflectance infrared spectroscopy, and a tensile strength material testing

system. The evaluation implied oxidation during the usage or storage of the samples. Protocols using more specialized techniques,

micro-Raman spectroscopy along with energy dispersive X-ray spectroscopy and an atomic force microscope-based nano-thermal

analysis, were developed to examine the chemical and thermal properties along the cross-section of the samples at the micron and

submicron-scale. These results indicated that the degradation mainly took place at the outer and inner boundaries of the samples.

Pristine samples exposed to several plausibly harsh environments did not evidence the same level of mechanical failure, but a few

circumstances had similar test responses, leading to a hypothesis of high oxidative stress as the main failure etiology versus a slowly

evolving one. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41553.

KEYWORDS: degradation; mechanical properties; membranes; polyolefins
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INTRODUCTION

To minimize membrane contamination and flux-decline caused

by colloidal and suspended species during reverse osmosis (RO)

processes, a prefiltration system utilizing microfiltration (MF)

or ultrafiltration (UF) is of great importance for particle

removal before the RO step.1–3 With symmetric pore structure

and high specific surface area, polypropylene hollow fibers (PP-

HFs) are one of the widely used membranes in MF.4,5 Polypro-

pylene (PP) is a thermoplastic material that is produced by

polymerization of propylene. The polymer chain length and the

crystalline structure give PP useful physical, mechanical, ther-

mal, and chemical properties and stability.6–8 However, the

structure, morphology, method of production and in-use envi-

ronmental factors can greatly affect the service and lifetime of

PP and highly influence its degradation characteristics.9,10 With

the existence of tertiary carbon bonds, the polyolefins undergo

thermal oxidation in air at elevated temperatures,11–13 but can

also be oxidized slowly in the presence of oxygen or oxidants at

ambient temperature. Oxidative-degradation is also accelerated

by the presence of certain transition metals, high shear mechan-

ical forces, or ultraviolet irradiation.14,15

The complicated PP oxidation mechanism has been studied

extensively for the last several decades.11–13,16 Generally, hydro-

carbons are susceptible to oxidation by free-radical chain reac-

tion to form hydroperoxides. Then hydroperoxides can

autocatalytically accelerate the oxidation reaction. After oxida-

tion, lower molecular weight molecules containing alcohol,

hydroperoxides, or carbonyl groups are formed which have

lower thermal and mechanical stability than PP.

In recent years, PP-HFs were deployed as a prefiltration system

in a military water purification system. However, numerous

modules (over 50%) that returned from the field were severely

degraded and could no longer be utilized—see Supporting

Information Figure S1. In general, the application duration for

the modules was relatively short, varying from 4 days to

approximately 2 months. Before deployment, the modules were

installed in the system and then stored in warehouses for

Additional Supporting Information may be found in the online version of this article.
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different periods of time from several months up to as long as

10 years. This has been normal procedure over many years and

modules without incident until the experiences precipitating

this study.

We hypothesized that these PP-HFs’ degradation could have

been due to the existence of oxidant or chlorine in the water

resources during usage or an extreme environmental condition

such as a high temperature excursion or sunlight (UV) exposure

during storage. A variety of materials testing studies have been

done on these degraded PP-HF samples including organic sol-

vent solubility, scanning electronic microscopic (SEM) imaging,

thermal analysis with differential scanning calorimetry (DSC),

thermogravimetric analysis (TGA), chemical analysis with 13C

solid-state nuclear magnetic resonance (NMR), and attenuated

total reflectance infrared spectroscopy (ATR-IR), and mechanical

analysis with, a material testing system (MTS). These measure-

ments confirmed that oxidation was the main cause of the deg-

radation. Nonetheless, the etiology of oxidation was also of

interest, so we explored further analytical approaches to obtain

more detailed evidence indicating a degradation mechanism and

the potential process. While the definitive failure mode is still

elusive, and only relevant to the particular application, these

methods and interpretations may be useful for any polymer

accelerated aging/exposure studies, in general.

Of particular note, methods to study the micron and submicron-

scale chemical and thermal properties over the PP-HF wall’s

cross-section, using micro-Raman spectroscopy along with energy

dispersive X-ray spectroscopy (EDS) and an atomic force micro-

scope (AFM) based nano-thermal analysis (nano-TA), were devel-

oped and applied.17,18 The purpose of these studies were to

elucidate whether degradation had occurred starting at any par-

ticular surface by measuring the variation of the chemical and

thermal properties across the cross-section. The analytical results

further confirmed oxidative-degradation, and indicated the degra-

dation took place at both the outer and inner boundaries of the

samples versus homogeneously throughout.

Pristine samples from the same manufacturer, and from a differ-

ent one, were also exposed to various controlled conditions

meant to mimic harsh, but plausible, environmental excursions.

These included varying temperatures (high and low) or being

soaked in various chemicals (base or acid) for different time peri-

ods. TGA, DSC, and MTS tests were performed and further tests

were carried out on some of the samples by ATR-IR. Test results

implied that some chemical exposures, temperature variation or

samples being dried after wetting could initiate the degradation.

EXPERIMENTAL

Specimens from one pristine (Sample 1) and six degraded sam-

ples 2, 3A, 3B, 4A, 4B, and 5 were the primary materials stud-

ied. The details of the samples’ manufacturing date, operation

time, condition of operation, and failure description are listed

in Table I.

Bulk Material Studies

Before measurements, the sample specimens were soaked and

cleaned with deionized (DI) water to remove impurities from

their surface. All of the pristine and used samples were vacuum

dried at ambient temperature overnight to achieve uniform

initial test conditions. At least three replicate specimens were

tested for each sample.

� Initially, solubility of the PP-HFs in p-xylene was measured.

ACS grade p-xylene was purchased from Aldrich.

� SEM (JSM-6480LV, Jeol, Japan) was employed for image

analysis of the samples’ outer surface and cross-section. In

addition, EDS (JSM-6480LV, Jeol, Japan) was employed for

further elemental analysis on the local microscale area of

outer surface, and cross-section.

� Thermal degradation was analyzed by TGA using a TGA

(Pyris 1, PerkinElmer, Waltham, MA), and DSC (204F1,

Netzsch, Selb, Germany). To avoid oxidation during TGA,

measurements were carried out in an inert nitrogen atmos-

phere with a flow rate of 20 mL/min. Samples were heated

from 25 to 800�C at the rate of 10�C/min. DSC analysis was

performed with two repeated heating and cooling cycles with

a 10�C/min heating rate under nitrogen purge environment

in a 25 to 200�C temperature range.

Table I. Detailed Information of PP-HF Samples for Failure Analysis Including Manufacturing Date, Operating Hours, Condition of Operation, and

Failure Description

Sample
no.

Filter module
manufacturing date

Operating
hours Comments

1 05/2010 N/A Pristine sample

2 06/2003 1423.3 Rust stains, not cleaned or preserved. Fiber only elongates 5–10% before
break.

3A 04/2007 43.3 One side of the internal of the bundle is severely degraded.

3B 04/2007 43.3 One side of the internal of the bundle is severely degraded.

4A 06/2006 4.3 Very brittle, almost no elongation. Internal of the bundle is severely
degraded.

4B 06/2006 4.3 Very brittle, almost no elongation. Internal of the bundle is severely
degraded.

5 07/1999 823 5 y of storage/very intermittent operation in a wastewater plant outdoors
and 823 h of seawater operations.
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� The mechanical properties of elongation and maximum load

at break were measured using MTS (820.002-SL, Insight II,

Eden Prairie, MN). Tests were performed at 25�C with

approximately 25 mm fiber lengths and a 250 N load cell and

10 mm/min loading rate.

� Chemical analyses were carried out with solid-state 13C NMR

(Varian INOVA-400, Agilent Technologies, Santa Clara, CA)

and ATR-IR (FTIR - Nexus 6700, Thermofisher Scientific,

Waltham, MA). The NMR spectrometer operates at 100.63

MHz for 13C observation. The probe incorporates a 5 mm

Magic Angle Spinning module and coil assembly designed

and constructed by Revolution NMR, Inc. (Fort Collins,

CO), capable of spinning up to 13 kHz with zirconia rotors

(also from Revolution NMR, Inc.) Spectra were acquired

using cross-polarization spin-lock and decoupling RF fields

of 80.5 kHz, and time-proportional, phase modulation

decoupling was applied during signal acquisition. The ATR

accessory is a VariGATR grazing angle ATR accessory

equipped with a Ge crystal (Harrick Scientific Products,

Pleasantville, NY) to identify and quantify the functional

groups on the surface of the samples.

Analysis Across the Fiber Wall Cross-Section

Further micron and submicron-scale chemical and thermal

analysis of microtomed cross-sections was conducted with

micro-Raman spectroscopy and an AFM-based (Bruker DI3100,

Billerica, MA) nano-TA (Anasys, Santa Barbara, CA). A cryostat

microtome (Leica CM1850, Leica Microsystems, Buffalo Grove,

IL) was used to prepare cross-section samples. PP-HF samples

in �1 cm length were embedded vertically in Tissue-Tek
VR

O.C.T. compound (Sakura Finetek, Torrance, CA) in a dispos-

able plastic Tissue-Tek standard cryomold (4557, 25 3 20 3

5 mm, Sakura Finetek, Torrance, CA). Then the embedding

medium containing PP-HF samples was quickly frozen in a dry

ice box. Once the sample was frozen, it was removed from the

cryomold and then mounted on the round metallic mount of

the cryostat vertically with Tissue-Tek O.C.T. at a temperature

of 220�C. With this orientation, the blade cut parallel to the

cross-section of samples. After sectioning, the samples were

glued vertically to a microscope glass slide with epoxy hot glue.

The Raman spectra, in the range of 4000–500 cm21 Raman

shift, were obtained on a Horiba Scientific U1000 microprobe

spectrometer (Horiba Scientific, Edison, NJ). The main elements

of the spectrometer are an Olympus BX40 microscope, a single

diffraction grating, and an electrically cooled, charge-coupled

device camera. Eight Raman scans on the cross-section of each

HF sample from the outer to inner boundary at approximately

15 mm spacing was performed.

Nano-TA is an AFM based thermo-mechanical analytical tech-

nique, recently introduced by Anasys. With the help of additional

Table II. Summary Results from Bulk Analysis of the PP Fiber Samples

Analytical
method Sample 1 Sample 2 Sample 3 (A&B) Sample 4 (A&B) Sample 5

p-xylene
solubility
at 140�C

Completely
soluble

Some insoluble
species

Some insoluble
species

Some insoluble
species

Some insoluble
species

SEM Normal Physical cracks Physical cracks Physical cracks Physical cracks

NMR Only PP Only PP Peroxides Peroxides & alcohol Only PP

ATR-FTIR Only PP CAO & CAOAC
alcohols

CAO & CAOAC
alcohols

CAO & CAOAC
alcohols

CAO & CAOAC
alcohols

DSC Baseline Slightly lower
temperature for
melting transitions

Lower temperature for
melting transitions

Very significant
differences than
baseline

Slightly differences
than baseline

TGA Mass loss begins
at �275–450�C

Mass loss begins at
�275–500�C

Mass loss begins at
�175–275�C

Mass loss begins
at �100–250�C

Mass loss begins
at �265�C

MTS 1.72 6 0.03 N
break strength

0.99 6 0.06 N break
strength

3A: 1.1 6 0.09N 4A: 1.16 6 0.05N 1.32 6 0.02N
break strength

291 6 17.9%
elongation
(baseline value)

62.7 6 11.9%
elongation (much
weaker and
more brittle)

3B: 0.74 6 0.16N
break strength

4B: 0.42 6 0.19 N
break strength

228.6 6 15.9%
elongation
(somewhat weaker
and slightly
more brittle)

3A: 113.4 6 38.4% 4A: 135.8 6 25.5%

3B: 10.6 6 7%
elongation
(much weaker and
more brittle)

4B: 1.9 6 0.8%
elongation (much
weaker and more
brittle)
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accessories this technique enables an AFM to measure a material’s

thermal properties in a sub-100 nm localized area.19,20 Using the

optical resolution of the AFM, a specially manufactured doped

silicon probe with tip radius< 30 nm is put in contact at a

desired location and heated at a rapid heating rate. These probes

have a heater integrated into the end of the cantilever which ena-

bles them to be heated in a controlled fashion to 400�C. At the

initial stage of each measurement, sample deflection increases

with expansion of the sample. When the probe temperature

reaches softening temperature of the sample (melting temperature

for semi-crystalline polymers and glass transition temperature for

amorphous ones), the thermal probe penetrates into the material

so sample deflection decreases sharply (see Supporting Informa-

tion Figure S2). By using this method, the material melting tem-

perature at a localized area can be analyzed and effective

distribution/sampling can also be obtained from the controlled

lateral displacement after each measurement. In this study, we

utilized a custom-made thermal lever probe AN2–200 mm. Each

measurement was carried out across the cross-section surface

from inner surface to outside boundary for every 15-mm interval.

A heating rate of 2�C/s (120�C/min) was used for all the meas-

urements. The measurement temperature range was 25–200�C.

RESULTS AND DISCUSSION

A summary of the results and general conclusions from the

bulk material measurements are presented in Table II.

Organic Solvent Solubility Study

PP can be dissolved in a few organic solvents at elevated tem-

peratures.21–24 While the pristine sample 1 was completely dis-

solved in p-xylene at �140�C, all the used samples had varying

amounts of insoluble impurities after vigorous mixing (see Sup-

porting Information Figure S3). This result implied chemical

degradation products insoluble in p-xylene may exist in these

samples. Complete separation, at the elevated temperature, of

the insoluble impurities and the dissolved PP was not attempted

in this work.

SEM Images

Some illustrative SEM photos are shown in Figure 1. SEM

images showed cracks on the outer surface and cross-section of

the used samples, while the pristine sample appeared more uni-

form. In addition, larger and irregular pore shapes were

observed in the cross-section image of the used samples. The

cracks on the fiber surface and the larger and irregular pores

illustrate the material failure under normal end-use conditions

that may be related to the chemical changes.

Thermal Property Measurements

Bulk thermal properties were studied with TGA and DSC. TGA

measurement results are shown in Figure 2(a). During TGA

measurement, there was some initial mass loss due to volatiles,

such as water, and then further mass loss (degradation)

occurred with increasing temperature. Mass loss for all the used

samples (except sample 2), and especially the most degraded

ones 3B and 4B, started at significantly lower temperatures

compared with the pristine sample. The mass loss of the pris-

tine sample 1 starts at �350�C while it starts at �150�C for

samples 3B and 4B. The onset temperature and %mass loss for

all samples can be found in Supporting Information Table SII.

Figure 1. Scanning electron microscope images of cross-section and outer surface of the pristine samples and some degraded polypropylene HF samples.
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The particular tested specimens of sample 2 actually indicated a

somewhat higher thermal stability than the other used samples.

This may be due to these specimens having lower porosity thus

lowering the rate of the pyrolysis reaction versus the heating

rate. In any case, all measurements were done at least in tripli-

cate with separate specimens, so we are confident in the data. A

certain level of inconsistency between a single characterization

technique and the macroscopic mechanical properties may be

expected, which is why we combined several methods in this

study’s protocol.

In general, the degraded samples showed significantly lower

thermal stability than the pristine fiber. These results indicate

that relatively low molecular mass or other volatile products

existed in the degraded samples. The volatile products are likely

the result of the oxidative-degradation process since the sample

preparation (DI water soaking and rinsing) would have removed

any materials accumulated during the end-use filtrations.

For DSC analysis, melting temperatures of all samples are sum-

marized in Figure 2(b) (with further detailed data in Supporting

Information Table SII) and representative DSC analysis profiles

for samples 1, 3B and 4B are shown in Figure 2(c). While the

melting temperatures for most of the used samples are only �1

to 3% lower than that of the pristine sample, the melting tem-

peratures for sample 4B is significantly lower (�14%). In addi-

tion, the heating cycle for sample 3B showed a broader peak

and two obvious peaks showed up for sample 4B. The lower

melting temperature, broader peak and multiple peaks in the

heating cycle indicated that possible multiple crystalline species,

broader molecular mass distribution of molecules, and/or differ-

ent chemical entities are present in the degraded samples.25

Mechanical Property Measurements

All the degraded samples, especially samples 3B and 4B, had sig-

nificant decreases in percent elongation at break. Pristine sample

1 had approximately 300% elongation at break, while most of

the degraded samples had less than 100%. Most significantly,

samples 3B and 4B had almost no elongation before break. In

addition, the maximum load at break for the degraded samples

also decreased dramatically. For most of the samples, it

decreased � 30 to 40%, while it decreased 57% for sample 3B

and 76% for sample 4B. The dramatic decreases of percent

elongation and maximum load indicated that all the used sam-

ples have degraded in a certain degree. The average value of

Figure 2. TGA and DSC measurements results for pristine sample 1 and

all the degraded samples: (a) mass loss vs. temperature in TGA measure-

ments; (b) melting temperature of all the samples during DSC measure-

ments; (c) the second heating cycle profiles for samples 1, 3B, and 4B.

Figure 3. MTS measurements results with percent elongation and maxi-

mum load at break for all the samples.
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percent elongation and maximum load at break for all the sam-

ples are summarized in Figure 3.

Chemical Analysis
13C NMR spectra for all the samples have three peaks at chemi-

cal shifts �21, 26, and 44 ppm which correspond to the PP

backbone. Samples 3B, 4A, and 4B showed an extra peak at

chemical shift �85 to 86 ppm which corresponds to hydroperox-

ides or dialkyl peroxide. Sample 4B showed another extra peak at

�74 ppm which corresponds to tertiary alcohol.11,13 No obvious

additional peaks were observed with the other degraded samples,

but this is likely due to sampling heterogeneity and the need for

further method development. NMR profiles of all the samples are

in the attached Supporting Information in Figure S4.

Figure 4. ATR-IR spectra the samples. Two regions of interest at 1400–1900 cm21 and 3000–3800 cm21 were enlarged for easier observation. (a) In

region 1400–1900 cm21, the spectra are grouped corresponding to (a) samples 1, 2, and 3A and (b) samples 1, 3B, 4A, 4B, and 5 from bottom to top,

respectively. In region 3000–3800 cm21, grouped corresponding to (c) samples 1, 2, and 3A and (d) samples 1, 3B, 4A, 4B, and 5 from bottom to top,

respectively. (e) The full scan is shown and spectra were stacked up in the order of samples 1, 2, 3A, 3B, 4A, 4B, and 5 from bottom to top, respectively.
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Prior studies11,16 have indicated that hydroperoxide is one of

the initial products during radical oxidation of PP and it plays

an important role in further oxidation. Findings in the NMR

measurements indicated that oxidation has indeed occurred and

peroxides are present consistently with free-radical chain

reaction.

To further investigate the chemical alteration, ATR-IR was uti-

lized to identify the chemical entities on the sample’s bulk outer

surface. ATR-IR analysis spectra are shown in Figure 4. The

broad peaks observed between 3700 cm21 and 3000 cm21 are

due to the AOH stretching vibrations.26,27 Most of the degraded

samples showed an absorption band in this region. These results

indicate that alcohols and hydroperoxides formed in the

degraded PP samples.

The region between 1750 cm21 and 1500 cm21 showed differ-

ences in the ATR-IR spectra for most of the samples. This

region is the carbonyl region and the broad bands of most of

the samples show that these samples may be a mixture of alde-

hydes, ketones, carboxylic acids and esters. All the degraded

samples have two peaks in common; at 1650 cm21 and

1550 cm21. Samples 3B and 4B have a small peak at around

1700 cm21, which could be a carboxylic acid monomer or

dimer. Since this peak is evident only for samples 3B and 4B, it

shows that these samples are in a more advanced state of oxida-

tion than the other ones.

In addition, sample 5 shows a strong peak around 1100 cm21

and that could be due to secondary or tertiary alcohols. Samples

2 and 3A show a strong band around 1000 cm21 and that could

be due to primary alcohol. It should be noted that these bands

for all the samples are broad and so, as expected, all of them

appear to have a mixture of alcohols to varying degrees since

alcohols are well-recognized as products in the propagation of

free-radical degradation of PP.26

Further Chemical Analysis: Micro-Raman Spectroscopy

and EDS

NMR and ATR-IR results indicated that the samples had cer-

tainly experienced oxidation. However, the results only reflect

an average or sum of the changes across the bulk samples. To

further investigate the chemical changes and possible mecha-

nism of oxidation, micro-Raman spectroscopy was utilized to

study the microscale chemical signals across the samples’ cross-

section.

Raman spectra along the cross-section of representative samples

are shown in Figure 5 and the rest can be found in the Supple-

mental Information in Figure S5. The spectra are stacked for

easy comparison with the most outer boundary (outside diame-

ter of the fiber) spectrum at the top. Comparing with pristine

sample 1, a new peak at �1740 cm21 was observed for all the

degraded samples. This peak corresponds to carbonyl AC@O

aldehyde stretching groups.27–31 Another peak at �3450 cm21

which is due to AOH bond was observed for some of the sam-

ples but is not evident in all of them. This is consistent with

the findings in NMR and ATR-IR measurements. In addition,

the oxidation peaks for most of the samples only showed up in

Figure 5. Representative Raman spectra of (a) sample 1; (b) sample 4A;

and (c) sample 4B. Raman spectra for other samples can be found in the

supplemental information. The spectra are stacked up for easy observa-

tion. Eight scans on the cross-section of each HF sample from the outer

to inner boundary at approximately 15-mm spacing were performed. The

top spectrum is for scan at the outermost boundary. Arrows indicate

peaks of main interest (vertical axis is arbitrary units).
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the first few scans and the last couple of scans, which corre-

sponded to the outer and inner boundaries, respectively.

Additional analysis using EDS to determine the elements on the

outer surface and cross-section of each sample was performed.

About 10–30% of oxygen was detected on the cross-section of

the samples while �20–50% of oxygen was detected on the

outer surface. This result confirms the oxidation of the samples,

and further indicates that the outer surface is more significantly

degraded. The EDS study results can be found in the Support-

ing Information Figure S6 and Table SIII.

Further Thermal Analysis: Nano-TA

Further thermal analysis in submicron scale area was performed

with nano-TA. Representative nano-TA study results are shown

in Figure 6 (with other results in Supporting Information Fig-

ure S7). For pristine sample 1, the melting temperatures from

outer to inner surfaces are consistent with an average value of

171.7 6 1.0�C. Note that, the bulk melting temperature of PP

was previously determined to be 164�C which is somewhat

lower than the melting temperature obtained via nano-TA. It is

well documented that the melting temperature value obtained

by a given method depends on the heating or cooling rate

applied. Melting temperature is a kinetic event and it is highly

dependent on temperature and time. The transition will shift to

a higher temperature when heated at a higher heating rate as it

has less time at any specific temperature.32 The nano-TA meas-

urements utilized a heating rate of 120�C/min. This is six times

higher than the heating rate employed in the DSC and mini-

mizes the lateral drift of the AFM probe, which becomes notice-

able at lower heating rates. However, DSC measurements on the

PP samples could not employ such a relatively high rate due to

limitation in the instrument capability. One co-author from this

paper also found this similar difference in other polymer’s tran-

sition temperature measured with DSC and nano-TA.19

In these measurements, all the degraded samples showed an

obvious trend toward lower melting temperatures at the outer

and inner boundaries compared with the center of the HF wall.

Sample 2 and 3B had lower melting temperatures at the outer

boundary than the inner boundary while other samples showed

similar values at both of the boundaries. Samples 3B and 4B

had the most significant decrease in melting temperature indi-

cating severe degradation. These testing results indicated that

the degradation occurred mostly at the boundaries (mostly the

outer boundary) and gradually moved through the wall

Figure 6. Nano-TA melting temperature results from outer to inner surfaces of the cross-section of (a) pristine sample 1 and the degraded samples 2,

3B, and 4B (labeled b, c, and d, respectively).
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thickness. In addition, the melting temperatures for the center

of most of the samples (except 3B and 4B) are very close to

that of pristine sample 1. This result implies that the center of

the samples is intact or only slightly degraded. It should be

noted that these membranes are selective toward colloids and

particles sized �200 nm and above. Thus, any chemical expo-

sure is expected to fully permeate its porous structure.

Controlled Environmental Exposure Tests

To further investigate the possible etiology of degradation, pris-

tine sample 1 and pristine sample 2-1, which was provided by

an alternative manufacturer, were treated under various harsh

environments including temperature variation, being dried up

after wetting, soaking in different oxidizing chemicals, or a

combination of these conditions. The conditions were chosen to

represent excursions from normal protocols including cleaning

and storage. For example, 10 ppm free chlorine was used as an

extreme oxidizing exposure since it is 10 to 203 the residual

chlorine level for drinking water, which may have been intro-

duced into the membrane modules before storage. The detailed

environmental exposure information and the resulting mechani-

cal test data can be found in Table III.

Thermal and mechanical properties of each sample were first

measured using DSC (see Supporting Information Table SIV),

TGA (see Supporting Information Figures S9 and S10), and MTS

(see Supporting Information Table SV). Then the samples which

exhibited diminished thermal or mechanical properties were eval-

uated with ATR-IR (see Supporting Information Figure S11).

Samples of pristine Sample 1 exposed to strong acid or base, free

chlorine, temperature variation, or stored dried up after wetting,

showed varying levels of degradation. Samples of pristine sample

2–1, exposed to temperature variations and sample stored dried

up after wetting also showed some degraded properties. Interest-

ingly, no degradation was observed for sample 2–1 after soaking

in free chlorine. However, under no circumstances was the degra-

dation as severe for these samples in controlled exposure tests as

for the six degraded samples from the field. Clearly, additional

systematic research is needed to identify suitable controlled, accel-

erated exposure studies for the original field, end-use conditions.

Without the complete details about how the various membrane

modules “existed” over their entire life it is impossible to state

with complete certainty what caused the samples to become

compromised and thus reach the level of severe degradation

that was observed. During manufacturing, high temperature

Table III. Controlled Environmental Exposures of Pristine PP HF Samples with Mechanical Testing Results (Italics Indicate Samples with Significant

Change)

Sample no. Description Elongation (%) Max. load (N)

1 Pristine fiber used for 3-# controlled exposures 291.1 6 17.9 1.72 6 0.03

3-1 Soaked in DI water for 30 days 291.3 6 22.7 1.73 6 0.07

3-2 Soaked in DI water overnight then placed in an open tube in
71�C oven for 30 days. Water was allowed to evaporate to
dry out the strands

278.8 6 85.2 1.47 6 0.09

3-3 Soaked in DI water overnight then placed in a sealed glass
tube to retain water in a 71�C oven for 30 days

284.8 6 9.2 1.68 6 0.02

3–4 Soaked in 2.3% Tergajet (A commercial high pH, low phos-
phate detergent) overnight and placed in a sealed glass tube in
a 71�C oven for 30 days

222.4 6 59.7 1.666 0.09

3–5 Soaked in 0.8% NaOH solution and placed in a sealed glass
tube in a 71�C oven for 30 days

238.4 6 48.7 1.63 6 0.09

3–6 Soaked in 1% sodium meta-bisulfite Na2S5O5, (pH 4.3) for 30
days

256.6 6 18.3 1.57 6 0.01

3–7 Soaked in 10 ppm free chlorine Cl2 for 30 days 84.5 6 33.1 1.22 6 0.21

3–8 210�C/110�C freeze thaw 296.0 6 28.7 1.67 6 0.02

3–9 210�C/110�C freeze thaw in a closed tube with water vapor
after soaking in DI water overnight

315.6 6 78.5 1.65 6 0.06

3–10 210�C/110�C freeze thaw after overnight in 2.3% Tergajet 397 6 115.3 1.54 6 0.27

3–11 210�C/110�C freeze thaw after overnight in 0.8% NaOH 337.4 6 59.6 1.696 0.01

2 Pristine fiber used for 4-# controlled exposures 75.5 6 31.4 5.81 6 2.97

4-1 Soaked in DI water for 30 days 64.4 6 4.4 3.23 6 0.11

4-2 Soaked in DI water overnight then placed in an open tube in a
71�C oven for 30 days, water was allowed to evaporate to dry
out the strands

70.9 6 4.1 5.58 6 0.71

4-3 Soaked in 1% sodium meta-bisulfite Na2S5O5, for 30 days 61.5 6 22.9 7.19 6 0.75

4-4 Soaked in 10 ppm free chlorine Cl2 for 30 days 84.0 6 0.9 7.66 6 1.39

4–5 210�C/110�C freeze thaw 40.7 6 33.0 6.03 6 1.14
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extrusion could cause initial thermal degradation mostly at the

fiber surface boundaries.33–35 Trace amount of metal catalyst

residue or additive of hydroperoxide to control the molecular

mass during manufacturing could also accelerate oxidation.36

During packing, storage and utilization, the oxygen, diffusion-

controlled degradation might cause oxidation mostly on the

surface boundaries and irradiation from sunlight would cer-

tainly degrade the fibers mainly on the outer surface.10,12 It

should be noted that the filtration process was an outside-in

process, but impurities in water resources, such as, free chlorine

or oxidants, trace amount of metal etc., which could also cause

oxidation, should permeate freely though the membrane’s

porous structure.

CONCLUSIONS

An autopsy of samples of PP-HF membranes utilized as prefiltra-

tion in a military water purification system was conducted and

compared with a pristine sample. Systematic studies including

solubility, SEM images, and thermal, chemical, and mechanical

properties for the possible failure causes of multiple of these PP-

HFs have been performed. All the degraded samples showed less

thermal and mechanical stability, and chemical analysis indicated

that oxidation was the main mode of degradation.

Novel material property analysis methods, micro-Raman spec-

troscopy and nano-TA, were developed to analyze some proper-

ties on the micron to submicron scale over the samples’ cross-

section. This study indicated that the degradation is mainly at

the outer and inner diameter of the HF samples, with degrada-

tion on the outer wall most consistently observed. These results

support a working hypothesis that the oxidative-degradation is

consistent with large thermal excursions experienced during

deployment and storage, which accelerated any oxidative reac-

tions previously initiated by other manufacturing and end-use

exposures.

Pristine samples from the same manufacturer and an alternative

manufacturer were exposed to various harsh environments and

evaluated. These accelerated exposure studies failed to produce

the extent of property degradation found in the original field

samples. Nonetheless, strong acid or base, free chlorine, temper-

ature variation, or storage dried up after wetting did cause

some degradation.

Exposure to sunlight (and other irradiation), as well as high

excursions in environmental temperature should be avoided

during storage, shipping, and usage.
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