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Objectives of weathering study

• To reduce the risk of product failure

• Meet product codes, compliance requirements

• Discover and mitigate failure modes

• Demonstrate durability and performance

• Test to various climates, predict service life

• Improve product or reduce cost

• Assess possible risk to human and the 
environment



Polymers and nanoparticles in the environment

Nanorelease Use ENM Aging
Toxicity

Aging  Time in the environment 

- Persist in the environment ~ 103 years

- Release persistent organic pollutants (POP)

- Accumulate POP such as PAHs, PCBs, DDT

- Release chemical additives -
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Factors influencing Nanorelease from composites 

PE PP PS PVC

C-C Backbone

29.6 18.9 7.1 10.4

stress conditions
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NanoFillers

- Metals
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Fe2O3, clay

- Carbon based: 

- CNT, CF, 
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Diffusion of NP in Polymer and Mass transfer for Surface Release

Grabowski et al., Macromolecules 2014, 47, 7238-7242 

For semi-crystalline polymers below the glass 

transition temperatures

𝑡𝐷 ~
𝐿2

𝐷
, D – 10-5 mm2/s

50 – 500 mm

tD – 1.7 x 105 h

Diffusion  surface release 
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Conceptual model illustrating 
degradation pathways for polymer
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Materials Tests

Polypropylene (PP)
(Pristine)

PP-MWCNT
4 Wt.%

Epoxy

PP01,    L = 0.25 ± 0.01 mm L =  0.35 ± 0.03 mm Neat

PP02, L = 0.39 ± 0.02 mm L = 0.50 ± 0.01 mm Epoxy-CNT

PP03, L = 0.69 ± 0.04 mm L = 2.07 ± 0.06 mm Epoxy-CNT-COOH

Epoxy-CNT-NH2

Epoxy-Graphene

EPON 862 DETDA

Tg = -13 oC

Tg = 60 - 110 oC



Preparation of polypropylene (PP) and 
PP-MWCNT  film
Melt PP + CNT mix

T > 150 oC 

Extruded Air cooled

L

Melt mix with screw extruder

PP41

PP42

PP43

PP01

PP03

PP02

PP-MWCNT
PP



Operating conditions
Parameter Condition

A cycle of weathering
120 min (sunshine: 108 min and rain: 12 

min)

Humidity 8-20% for Sunshine and over 60% for Rain

Solar light irradiation 700 W/m2

Wavelength of solar light 300-800 nm

Chamber Temperature 33-37 oC

Black Substance Temperature 65 oC

June 21, clear day



30 OC hold for 1min,  to 850 OC @ 10 OC/min, Air flow 20 ml/min.

395OC

-
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TGA Data for Raw PE and PE-nanoclay

Polyimide wafer
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Aging and thermal stability of Composites 
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Laboratory Accelerated Weathering System

 Xenon Arc Weathering – simulates terrestrial solar irradiation
 Irradiation: 700 W/m2 and Wavelength: 300-800 nm 
 Chamber Temp: 33-37 oC, Black Substance Temp.: 65 oC, air cooled
 Standard method- ISO – 4892-2/2013 



The primary weathering factors

Polymer Composite



The Formation of Ozone during Weathering

Vacuum Pump

Buffered 
potassium 
iodide (KI) 
solution

Flow Meter

Weathering Chamber

1. The air next to polymer samples was taken out 
and bubbled into KI solution for 15 hr. 

2. Perform “Iodometric Method” test for O3. 
a. 2.5 mL of 4.5 M H2SO4 was added in 100 mL 

of the bubbled water. 
b. 0.1 M Na2S2O3 solution was added to the 

acidified water (#2).
c. Observe color changes of the solution from 

transparent to pale yellow.

Procedure Results

 Due to dissolved O3, color 
became pale yellow. 

Air bubbled Water

Vent
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Weathering of Polymer Nanocomposite
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Han, Sahle-Demessie, Carbon, Vol 129, pp 137-151, April, 2018

Han, Sahle-Demessie, NanoImpact, Vol. 9, pp 102-113, January 2018. 
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Reaction kinetics
Radical chain oxidation mechanism

Initiation: 𝑃𝑜𝑙𝑦𝑚𝑒𝑟
𝑘1

𝑃∗ (1)

Propagation: 𝑃∗ + 𝑂2 ՜
𝑘2
𝑃𝑂2

∗ (2)

𝑃𝑂2
∗ + 𝑃𝐻 ՜

𝑘3
𝑃𝑂2𝐻 + 𝑃∗ (3)

𝑃∗ + 𝑃∗ ՜
𝑘4

𝑃∗ + 𝑃𝑂2
∗ ՜

𝑘5
Inactive species (4)

𝑃𝑂2
∗ + 𝑃𝑂2

∗ ՜
𝑘6

Termination

−
𝑑 𝑂2

𝑑𝑡
≅ 𝑘2 ൗ

𝑟𝑖
𝑘4

1

2[𝑂2]
𝒓𝒊 = 𝒂𝑰𝟐𝜸 where  a and g =  constants 

depending on the mechanism, and 

g is usually between 0.5 and 1.0 for the chain 

mechanism



Thickness distribution of degradation 
during photochemical aging

Kinetic equation 

Fick’s second law with pseudo first order rate constant

•
𝜕 𝐶

𝜕 𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
− 𝑘𝐶

D= diffusion coefficient for small molecules

k = reaction rate constant

• Thickness of oxidized layer (TOL)

𝑇𝑂𝐶 ≅ Φ−1 =
𝐷

𝑘

1/2

hv

Oxidized layer
50 – 100 mm

Undegraded 
Core

Crosslinking
200 – 300 mmAudoulin et al., J. Material Science, 29 (1994) 560-583

Audoulin et al., Die angewandte Makromelekulare 1998, 25-34



Aging time (hr)

0 500 1000 1500 2000 2500 3000

L
ig

h
t 

tn
te

n
s

it
y
 b

e
lo

w
 P

P
 f

il
m

s
 (

m
W

/c
m

2
)

0

2

4

6

8

10

PP01 
PP02 
PP03 

Light intensity of Lamp: 10.06 ± 0.1 mW/cm
2

All PP01 samples were broken at 1512 h.

All PP02 samples were broken at 2268 h.

Transmitted UV light through solar aged samples

Aging 
Time 

(h)
PP01 PP02 PP03

0
8.65 ±
0.02

8.30 ± 0.01
7.75 ±
0.03

756
6.52 ±
0.03

5.24 ± 0.03
4.33 ±
0.02

1512
3.02 ±
0.03

4.45 ± 0.02
2.08 ±
0.01

2268 2.10 ± 0.01
0.95 ±
0.01

3024
1.12 ±
0.02

Intensity of transmitted UV light 
(mW/cm2)Intensity of the light source:  10.06 ± 0.1 mW/cm2

 UV transmittance decreased as PP 

aged showing thermo-oxidative 

degradation 



NanoRelease: Particle size distribution
(a)

PP41 = 
0.25 mm PP42 = 0.50 mm

Unfiltered

PP43 = 2.07 mm

PP42 = 
0.50 mm
Filtered



Released MWCNT aged polypropylene-CNT 
composites determined using sp-ICP-MS

(c)

(b)(a)



• Macroscale composite structures 

• Clustering of nanoparticles - micron 
scale

• Interface - affected zones - several to 
tens of nanometers - gradient of 
properties

• Polymer chain immobilization at 
particle surface is controlled by 
electronic and atomic level structure

10 -12 s

10 -9 - 1 s

1 s - 1h 

Aging of Nanocomposite as a Multiscale System



Experimental setup

 Total Irradiance (MJ/m2): 6588
 Solar Irradiance (W/m2): 700 
 Black Substrate Temperature (oC): 65
 Weather: 111 min of daylight and 9 min of raining

Modified ISO 4892-2:2013 (E)

PE-3 months (1) PE-6 months (2) PE-12 months (3) EPC-3 months (4)

ECC-6 months (8) ECC-3 months (7) EPC-12 months (6) EPC-6 months (5)

ECC-12 months (9) ECN-3 months (10) ECN-6 months (11) ECN-12 months (12)

Sample location

 Sample positions are rotated daily for even spraying



 Water from the beakers in the SunTest equipment will be collected every day.

 The water will be transferred to bottles for each sample.

 The transferred water in the bottles will be evaporated. 

 Water temperature in the bottles is 60-65 oC.

Water evaporation setup



Wash water samples collected in individual Sample-beaker 

EPON 862
Curing agent

Bisphenol A – common 
leachate organic from epoxy 
based polymers – LC-MS-MS



UV-vis spectroscopy nano-release

Epoxy-CNT-COOH

Epoxy-CNT
Epoxy

Epoxy-CNT-NH2



Pure CNT CNT COON CNT NH2 Pure CNT CNT COON CNT NH2 Pure CNT CNT COON CNT NH2

G peak Wavenumber (cm-1) 1580.46 1586.44 1590.91 1575.98 - 1580.46 - 1586.44 -

D peak Wavenumber (cm-1) 1351.74 1359.42 1359.42 1348.67 1339.45 1362.49 1359.42 1356.35 1362.49

3 Months 6 Months 12 Months

DG

514 nm Ar-ion laser

G band – at 1580 cm-1 in-plane vibration of C-C bond

D band – activated by the presence of disorder in carbon

G’ band – overtone of the D band  

Raman Spectroscopic characterization of 
released MWCNTG D

G’

The Raman band of the functionalized NTs 
shifted to higher wavenumber  intertube 
interaction is less and physical interaction of 
the polymerCNT

CNT-COOH

CNT-NH2



Summary
 Weathering of nan-polymer composites is a combination of UV-photolysis,  

photooxidation, ozonation, and thermal effects 

 Main factors affecting degradation are the polymer matrix, environmental 
conditions, type of nano-reinforcement, 

 The reaction rate is influenced by thickness above which the process in 
kinetically controlled by diffusion of O2,H2O in the polymer. 

 Superficial oxidation (200 mm) causes cracks and brittle failure of wafer 
samples. 

 The thickness of the degradation layer is order of magnitude 
𝐷

𝑘

 Polymer thickness influence particle release per mass  



Disclaimer

The findings and conclusions of this presentation have not been formally disseminated by U.S. EPA 
and should not be understood to represent any agency determination or policy.
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