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ABSTRACT: The incorporation of carbon nanofiber (CNF) into glass fiber (GF) composites is a potential route to extend polymer

composite service-life and enhance mechanical properties. Under nonstatic conditions, only limited information concerning water

uptake and contaminant release properties of nanocomposite materials is currently available. Polyester composites containing GF and

oxidized CNF were immersed in water for 30 days under nominal pressure at 23 8C, below the polymer’s glass-transition temperature.

Water was analyzed and changed every three days to simulate water chemistry regeneration similar to exposures in flowing systems.

Composites with oxidized CNF had greater water sorption capacity and leaching rates than CNF-free composites. The total mass of

organic contaminant released correlated with the amount of water sorbed by each composite (r2 5 0.91), although CNF dispersion

was found to vary greatly within composites. The greatest and least contaminant release rates were found for the polyester-CNF and

the polyester-GF composites, respectively. While volatile aromatic resin solvents and stabilizer compounds were detected, their con-

centrations declined over the 30 day exposure period. We hypothesize that the hydrophilic nature of the oxidized CNF increased the

water sorption capacity of the polyester composites. Additional studies are warranted that examine the impact of this phenomenon

on composite mechanical and long-term durability properties. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43724.
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INTRODUCTION

As North American buried water infrastructure pipelines con-

tinue to deteriorate, inexpensive, and corrosion resistant

replacement materials are needed. Corrosion resistant fiber rein-

forced plastic (FRP) pipes have been used for more than 60

years for drinking water conveyance1–3 and have a high strength

to weight ratio. FRPs typically consist of a polymer matrix (i.e.,

polyester, epoxy, or nylon) reinforced with glass, carbon, graph-

ite, or aramid fibers.4–10 Incorporation of carbon nanofiber

(CNF) into resins and fiber composites can further improve

their mechanical properties.11 CNF reinforcements are high

aspect ratio nanofibers spanning a wide range of diameters (50–

200 nm) and lengths (30–100 mm). Further, the hydrophilic

nature of CNF surfaces reportedly enables easy dispersion into

polar matrices. This combination of properties have been shown

to improve FRP tensile strength, compression strength, Young’s

modulus, fracture toughness, and delamination resistance.12–16

Many nanotechnology enhanced water infrastructure materials

containing multiwall carbon nanotubes, TiO2 and clay, have

already received U.S. patents and some are being sold outside

North America for potable water transport.17–21

Despite scientific research associated with the performance of

nanocomposites, such as CNF in FRP pipes, there is little to no

information regarding its influence on water/polymer interac-

tions. It is well-known that polyester composites uptake water

when immersed in deionized, tap, brackish, and salt water solu-

tions (Table I).22–25 Composite water sorption is important

because water can degrade the polymer/fiber interface, facilitate

matrix oxidation or void formation, and lead to FRP mechani-

cal performance reductions.26–32 Investigators have observed

that GF reduces water sorption compared with resin only mate-

rials,31,33,34 since glass fibers (GF) displace resin volume, do not
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absorb water, and may reduce the water diffusion coefficient

through the composite.31 Although the GFs do not absorb

water, secondary degradation processes can be triggered by sur-

face reactions in the presence of water, which degrades the

fiber/matrix interface resulting in loss of mechanical perform-

ance. The presence of CNF can adversely affect moisture diffu-

sion properties in an FRP but the extent of diffusion on

damage tolerance is not sufficiently quantified in the literature.

A percolated, hydrophillic CNF network has the potential to

adversely affect water quality. In the presence of water, contaminants

normally confined within the polymer network can diffuse into the

contact water. The diffusion rate is a function of the contaminant

molecule size, polarity, concentration gradient, and temperature.

The relationship between water transport through reinforced com-

posites and the chemical leaching by the composites are a fairly well

studied phenomenon.35–37 As the composite achieves equilibrium

with the surrounding water, the diffusion process can be modeled

by applying one of three approaches: Fickian, Case II, and the two

phase model.38 Generally, the water uptake rate (immersion) and

water loss rate (drying) are greatest (linear) during the initial expo-

sure periods because the concentration gradients between contact

water and composite are at a maximum.

Table I. Impact of Water Exposure on FRP Mechanical Properties: Literature Summary

Polymer matrix
(reinforcement type)Reference Aging condition Result summary

u–Isophtalic polyester
and vinyl ester resins (GF)31

DI (pH NR); 40 8C, 80 8C; 3 months GF composites sorbed 45% to 82% less
water than polyester resin only materials
at 40 8C and roughly 20% less water at
80 8C. Water absorption was controlled
by Tg and water temperature. Decrease
in mechanical properties observed for
both composites as a result of decrease
in fiber-matrix interfacial adhesion.

u–Polyester resin (GF)24 TW (pH NR); 20 8C; 1,000 h Water uptake measurements were
conducted but not reported; Water
immersion reduced creep strength by
60%.

u–Polyester resin (GF)30 DI (pH NR); 30 8C; (7, 14, 21) days Water uptake measurements were not
conducted; Water immersion caused
delamination between fiber and matrix
along with increasing bending strength,
and a significant reduction in tensile
strength.

Urethane and modified
urethane resin (GF)34

Alkaline water (pH 13.4); temp NR; 6 months GF inhibited water uptake. After 6 months
aging, no reduction in tensile strength for
unloaded composites was observed but
tensile strength reduction was observed
for the samples that were subjected to
sustained load during the aging.

u–Polyester resin (GF)25 DI (pH NR); Room temp; 9 months GF composite elastic modulus decreased
by 2–5%; Water absorption data did not
fit the Fickian diffusion model; The
Lucas–Washburn capillary flow model
was deemed more appropriate.

u–Polyester resin (GF)27 Artificial sea water (3.4–3.5% salinity)
(pH NR); 30 8C; (10, 30, 60, 90, 120) days

Water uptake data were not reported;
Water immersion decreased composite
tensile strength and bending resistance;
Material extraction was detected by an
observed reduction in specimen mass
during immersion.

Epoxy resin (GF, flax fiber)33 Water (pH NR); Room temp;
(10, 20, 30, 40) days

The fiber–polymer interface was damaged
due to water immersion for both rein-
forcement types; flax fiber reinforced
composites sorbed 12 times more water
than GF composites.

u, unsaturated; DI, Distilled water; TW, Tap water; NR, Not reported; Not all studies reported water pH or the ionic quality of the test water.
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From an application standpoint, the impact of a polymer com-

posite on water quality is extremely significant, considering an

estimated 60–100 year expected lifetime use of these pipelines.39

However, on surveying water quality from 16 countries, there

were only two published FRP investigations concerning water

quality and both had little or no data on nanomaterial rein-

forced plastics.40 FRP pipes are manufactured using three basic

components namely, the resin (i.e., polyester, vinyl ester), the

solvents (i.e., styrene, benzene, ethylbenzene), and the catalysts

[i.e., methyl ethyl ketone peroxide (MEKP), dimethyaniline,

cobalt naphthenate].41 It has been shown that the solvents and

catalysts used for composite manufacture are often environment

polluting and highly carcinogenic. In the 1990s, researchers in

the U.K. discovered that polyester/glass fiber (P/GF) pipe

released several carcinogenic and endocrine disrupting organic

contaminants into distilled water during a 24 h leaching

period.3 Several organic contaminants with and without drink-

ing water health standards were found and included: Phthalic

acid ester (26 lg/L), dimethyl phthalate (21 lg/L), benzaldehyde

(4 lg/L), acetophenone (3 lg/L), styrene (0.7 lg/L), and tris(2–

carboxyethyl)phosphine (3 lg/L). Other contaminants detected

but not quantified were dialkoxy phthalate ester, dioctylphtha-

late, benzoic acid, nonanol, and 2–ethyl hexanoic acid. This

24 h test was the most experimentally quantitative effort found

in the literature. In another effort, researchers in the U.S.

reported that FRP well casings leached “five different contami-

nants into distilled water,” but neither the contaminants nor

experimental conditions were described.42 No other studies were

found that described either FRP contaminant leaching, the role

of CNF reinforcement on material leachability, or water quality

impacts caused by CNF containing composites. As real world

applications of nano-FRPs are being realized, understanding the

influence of nanofillers on the type and concentration of con-

taminants released into contact waters would highly benefit

municipalities installing these solutions, standards bodies devel-

oping test methods, safety regulators, and commercial compos-

ite pipe manufacturers.

The hypotheses for this work were that GF reinforced FRP

materials would uptake less water than a polyester material and

CNF incorporation would not affect water uptake or leaching

because of its low mass fraction in the composite. Specific

objectives of these measurements were to: (1) quantify the

impact of CNF on water quality and composite mass during a

30 day aging period and subsequent desiccator drying and (2)

identify relationships between the contact solution quality and

the composition of the composites. Several water quality charac-

terization methods were applied to elucidate the magnitude of

chemical release.

EXPERIMENTAL

Composite Fabrication

Four specimens were manufactured: Polyester only (P/O), and

three composites including polyester/CNF (P/CNF), P/GF, and

P/GF/CNF. Unsaturated polyester resin (Cook Composites &

Polymers, Product ID: CI–1001–25), 0.005 mass fraction MEKP,

eight layers of E–glass random fiber mats sized with an undis-

closed silane coupling agent (Saint–Gobain Vetrotex America,

M113 random chopped strand mat) and 0.01 mass fraction of

CNF (Pyrograf, PR–24 LHT, 150 nm average diameter, range of

70–200 nm diameter, 50–200 mm length, density of 1.9 g/mL)

were used. Because of their high surface area, oxidized CNFs

can be dispersed easily into polar polymer matrices such as

epoxy, polyester and vinyl ester and show significant improve-

ments in their mechanical properties.43 In this study, oxidized

CNFs were mixed with polyester resin and sonicated in a cold

water bath for 45 min. The mixture was then degassed for 10

min and MEKP was added. P/GF and P/GF/CNF panels were

manufactured with the Vacuum Assisted Resin Transfer Molding

(VARTM) process.15 P/O and P/CNF panels were cast in an

open mold and allowed to cure for 12 h at room temperature.

Composite thicknesses were statistically not different from one

another and the surface area of each composite subjected to

water immersion was �435 cm2. Sample thickness ranged from

2.85 to 3.40 mm.

Water Immersion and Water Quality Testing

Synthetic water (pH 6.9, 47.2 mg/L as CaCO3, 23 8C) was pre-

pared using Type I Millipore
VR

Milli–Q water, NaHCO3, and

HCl. Specimens were immersed in covered glass jars filled with

synthetic water (headspace free) for 30 days. Every three days,

contact water was removed, characterized, and replaced with

new synthetic water. The water exchanges simulated two condi-

tions: water replenishment similar to a flowing system and

water chemistry stabilization through solvated ion renewal.

Water quality characterization was conducted using three repli-

cates for each composite. The 30 day immersion period was

selected to characterize short-term water quality changes caused

by composite contact. The concentration gradient between the

composite and contact water was reset every three days. Thus,

the water uptake data does not represent a single equilibrium

condition. This approach was necessary to obtain enough water

sample to describe chemical leaching during the study period

and the release of volatile organics. This concentration gradient

“reset” approach is often used by the National Sanitation Foun-

dation International, an organization that certifies potable water

contact materials in the US.44 While this approach enabled

quantification of water quality impacts, standard water diffusion

models were not applicable with the data collected in this study.

Regardless, the contaminant concentration was expected to

decrease over time and this trend was confirmed from our

experiments.

Water quality monitoring techniques in accordance with stand-

ard methods45 were applied to examine how the composites

influenced the water chemistry. Alkalinity was determined with

0.025 N sulfuric acid and a titration end point of pH 4.5. Water

pH was measured using an Accumet pH meter (Fisher Scien-

tific; Pittsburg, PA) based on standard methods. Chemical oxy-

gen demand (COD) concentration was measured by application

of the U.S. Environmental Protection Agency ultralow range

reactor digestion method. COD represents the total amount of

organic contaminants present that are biodegradable as well as

nonbiodegradable. Total organic carbon (TOC) concentration

was determined by applying the nonpurgeable organic carbon

method with a Shimadzu TOC Analyzer. Contaminant biode-

gradability testing was carried-out according to methods
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described in the SI. UV absorbance at 254 nm (UV254) wave-

length was recorded using a HACH DR5000 UV–Vis spectro-

photometer. UV254 measures the quantity of sp2 hybridized

carbon and is frequently applied to gauge the level of dissolved

aromatic compounds in water. On day 3 and 30, contact waters

were also characterized using solid–phase microextraction

(SPME) gas chromatography–mass spectroscopy to determine if

volatile organic compounds (VOCs) were leached from the

Figure 1. TGA scans for P/O, P/CNF, P/GF, and P/CNF/GF. Inset 1, left shows the loss of mass during the ramp to 700 8C for GF composites. Inset 1,

right shows the loss of mass during the ramp to 700 8C for the GF composite containing CNF. Inset 2 shows the loss of mass during the ramp to

700 8C for the nonglass containing composite for matrix and nanocomposite. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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composites. A 85 mm polyacrylate coated SPME fiber was con-

ditioned at 280 8C for 3 h before initial application of the GC

port . For sampling, the fiber was exposed to the sample head-

space with a 10 min adsorption time at 55 8C. Desorption was

conducted in the GC injector at 220 8C for 2 min. A SPME inlet

liner (splitless, 0.75 mm I.D.) was used in the injection port.

The GC carrier gas was helium at a flow rate 0.65 mL/min. The

GC temperature program involved a ramp from 50 to 100 8C at

10 8C/min, and was maintained for 25 min. A split/splitless

injector in the splitless mode was used and held isothermally at

220 8C.

Composite Characterization

Water absorption and desorption was characterized for each

composite. Absorption was measured gravimetrically during the

30 day water immersion period. Desorption was calculated dur-

ing 30 days desiccator drying at room temperature. Moisture

uptake and mass loss were calculated eq. (1):

Mass Gain; Mass Loss 5
M02Mt

M0

3100 (1)

where Mo was the initial sample mass and Mt was the specimen

mass at time of t.

Thermogravimetric (TGA) measurements were conducted with

a Q500 instrument (TA Instruments) with an air purge flow.

Three replicates were conducted to determine variability within

the composites. Specimens were degraded utilizing a stepped

isotherm process. In the first step, the sample was rapidly

heated (<10 min) to 500 8C and held for 15 min. This action

removed the majority of matrix polymer from the composite.

The sample was then rapidly heated to 700 8C and held for 15

min. This process removed residual CNF material and left a

residual glass in the TGA pan, for the case of glass containing

composites. Thermal oxidation of raw CNFs exhibited a mass

fraction loss of approximately (0.03 6 0.01) mg/mg during the

500 8C isotherm and a final mass fraction of (0.045 6 0.001)

mg/mg (residual mass fraction) after heating to 700 8C. The

presence of a stable char indicates there were noncombustible

components left from the thermal degradation process. Since

there is a residual char present in both the combustion of the

polyester and the CNF and the void fraction of the composite

was not measured, it is not possible to calculate the exact com-

position of the original composite. The residual char in the

composite is assumed to polyester decomposition in order to

calculate the apparent mass fraction of resin in each composite.

The glass transition temperature (Tg) of each composite was

identified using TA Instrument Q2000 differential scanning cal-

orimeter. Temperature was ramped from 40 to 150 8C at 10 8C/

min, quickly cooled to 40 8C at 20 8C/min, then reheated to

150 8C at 10 8C/min to confirm the observed Tg. Nitrogen

(50 mL/min) was the applied purge gas.

For scanning electron microscopy (SEM), fractured cross section

surfaces of P/CNF and P/GF/CNF were mounted onto a stain-

less steel stub using a highly conductive, double coated carbon

tape (Ted Pella
VR

) inside a JEOL
VR

, JSM – 7600F (Schottky field

emission), scanning electron microscope (SEM). The samples

were imaged primarily using the GB-H (gentle beam) settings

to counteract excessive surface charge. The SEM settings utilized

are as follows; gun voltage: 0.7–2 kV, substrate bias: 0.7–2 kV,

probe currents: 20–40 pA; WD: 4–8 mm. Exposed surfaces of

the P/GF/CNF samples were imaged as provided to preserve the

surface details on the specimens.

Data Interpretation and Analysis

Water quality data represent a series of 3-day leaching tests with

the same composite over a 30 day period. Based on this

approach, the 30 day results were analyzed by two-way analysis

of variance and 95% confidence interval. To interpret water

quality results, each aqueous contaminant concentration (mg/L)

was divided by the initial mass of resin in each composite (mg/

L–mg resin), determined as the mass fraction loss at the end of

the 500 8C isotherm. This enabled all water quality data to be

compared on a “mg of contaminant/L of water – mg of resin”

estimated basis. This method incorporates an inherent mass

error of 0.01 mg/mg mass fraction in the resin. Water sorption

data were converted to “mg of water sorbed/mg of resin” basis.

All statistics were applied using a Type I error of 0.05. Regres-

sion analyses were conducted on each contaminant leaching

data set. Regression slopes using 95% confidence intervals were

applied to elucidate whether or not contaminant release rates

differed between the various composites.

RESULTS AND DISCUSSION

Composite Composition

TGA showed the quantity of CNF was smaller than expected

from processing (Figure 1). The instrument was able to resolve

the decomposition of the CNF, but the standard deviation was

33% for the P/CNF and 57% for the P/CNF/GF. The magnitude

of uncertainty is similar to the uncertainty in the residual mass

fraction, which suggests the quantity of CNF in the composites

is near the limit of measurement resolution or the distribution

of CNF in the composites is heterogeneous. SEM was conducted

on sample cross-sections to verify the distribution of CNF.

No difference was found between the glass-transition tempera-

tures either before or after water adsorption/desorption testing.

Tg values for the epoxy ranged between 64 and 72 8C (Table II).

SEM images of the fractured P/CNF composite revealed large

agglomerates of CNFs with diameters of a few tens of microns

[Figure 2(a,b)]. These large agglomerates were found uniformly

across the cross-section. Despite CNF’s hydrophilic nature, the

sonication process did not effectively disperse individual large

aspect ratio CNFs (Supporting Information Figure 1S). Similar

SEM analysis on the P/GF/CNF samples found a bimodal CNF

distribution where individual CNFs were sparsely visible in the

cross-sectional regions between GF layers [Figure 2(c)], while

dense CNF agglomerates were found on the top surface of the

VARTM processed composite [Figure 2(d)]. The dimensions of

the CNFs observed in both cases agreed with manufacturer

specifications of diameters and fiber lengths.

These analytical techniques suggest an inhomogeneous disper-

sion and a unique mass fraction and distribution of CNFs

within each composite type. The surface aggregation of CNF in

the GF composite likely results from the VARTM processing

combined with the presence of large CNF agglomerates in the

matrix. The VARTM process is a dynamic method that utilizes
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the flow of a low viscosity resin to fill the GF. Since the CNFs

were found to exist as large agglomerates in the P/CNF com-

posite, it is likely these agglomerates were either filtered by the

GFs or preferentially transported to the exterior surface of the

composite, in particular, resin rich regions where the flow veloc-

ities are higher.

Water Absorption and Desorption Kinetics

Each material reached water saturation over the course of the

30 day exposure (Figure 3). All specimens exhibited a small

mass loss of �0.5% for P/O, P/CNF, and P/GF/CNF after desic-

cation (Supporting Information Table 1S). Observed mass loss

indicated that the water diffusion coefficient calculations could

not be conducted.

Composites that contained oxidized CNF sorbed more water

compared to the non-CNF containing materials (Figure 3). The

GF composite absorbed the least amount of water and this

result is similar to what has been observed in the literature,

where polyester GF composites absorbed less water than its

resin-only counterparts.31,33,34 The inclusion of GF reduced the

volume of polyester resin available for water absorption.

Table II. Material Properties from Gravimetric, Thermal, and Mechanical Characterization

Material type

Composite Polyester P/CNF P/GF Polyester-GF/CNF

Resin, mass fraction 0.988 6 0.005 0.980 6 0.005 0.400 6 0.032 0.368 6 0.014

GF, mass fraction 0 0 0.600 6 0.032 0.631 6 0.014

CNF, mass fraction 0 0.006 6 0.002 0 0.0007 6 0.0004

Residual, mass fraction 0.012 6 0.005 0.014 6 0.008 N/A N/A

Measured Tg, 8C 67.6 6 2.9 65.3 6 2.1 72.0 6 0.9 68.1 6 1.5

Storage modulus (MPa) at 40 8C 3,592 3,499 13,837 11,853

The constituent components are based on the change in mass from TGA thermal degradation. Tg results represent mean and standard deviation values
for two individual replicates on first heating. Residual for P/GF and P/GF/CNF composites at 700 8C could not be differentiated from GF. Storage mod-
ulus results were reported by Jefferson et al.46

Figure 2. Representative SEM images of (a) large agglomerate of CNF in the P/CNF composite, (b) distribution of CNF within a CNF agglomerate in

the P/CNF cross-section, (c) sparsely distributed CNF across the P/GF/CNF cross-section (arrows), and (d) dense agglomerate of CNF on the top surface

of P/GF/CNF composite. Supplemental contains low magnification images of the P/GF/CNF top surface.
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Oxidized CNF also increased water absorption for the P/GF/

CNF composite, but the change was not drastic as the polyester

CNF composite. The hydrophilic nature of the oxidized CNFs

likely contributed to the increased water sorption capacity of

CNF containing materials. Other investigations indicate that

incorporation of hydrophilic reinforcement fibers (i.e., vegeta-

ble, flax) increases polyester composite water sorption capacity

by as much as 12 times.23,33 When compared with the non-

CNF containing materials, the initial rate of moisture uptake

was greatest for the CNF materials in this study.

Impact of Composites on Water Quality

All composites released organic contaminants during the entire

30-day study period. The expected exponential decay curve for

contaminant release was not observed because the exposure

period consisted of a series of 3-day exposure periods; the con-

centration gradient was constantly reset. As a result, a diffusion

model was not fit to the leaching data. Figure 4 shows the nor-

malized leaching total organic contaminant (TOC) and COD

concentrations for the four tested materials. Constituent

abstraction from the polyester matrix followed a similar trend

to the water absorption measurements. Contaminant concentra-

tion in the exposure water decreased monotonically after each

3-day water change. The greater mass fraction of polyester resin

corresponded to a greater number of chemicals detected in the

water. In both the resin and GF composites, the presence of

CNF increased the rate and quantity of contaminants released.

TOC and COD leaching rates differed across composites as

determined by linear regression analysis. All regression slopes

were non-zero. The greatest contaminant release rate was found

for P/CNF, while normalized leaching for P/O and P/GF/CNF

composites were not different for COD or TOC results, similar

to the moisture absorption results (Supporting Information

Table 2S). The P/GF composite had the lowest contaminant

release rate. GF inhibited contaminant release but CNF inclu-

sion into the P/GF composite caused that composite to perform

similar to the polyester only material. UV254 absorbance results

also showed inclusion of CNF into polymers increased contami-

nant release into the contact water. A small fraction of contami-

nants released from each material were biodegradable and this

quantity was similar across the composites tested (Supporting

Information Table 3S).

Several VOCs were detected in composite contact waters that

include aromatic resin solvents and stabilizer compounds (Table

III). These compounds were similar to those found by previous

research on leachate from fiberglass resin circuit board compo-

sites.47 None of the aqueous contaminants reported by others

were found in the present work.3 Possible reasons for this differ-

ence could be that the other study characterized the presence of

semi-volatile organic contaminants and the polyester resin for-

mulation differed. Inclusion of CNF into composites did not

impact the number of VOCs released.

A linear relationship between organic contaminant release and

the amount of water sorbed by each composite was detected

(r2 5 0.96; Figure 5). Chemical release was likely facilitated by

water diffusion into the material and subsequent contaminant

extraction. The incorporation of a small quantity of oxidized

CNFs into polyester composites (0.01 mass fraction) caused

nanocomposites to become more susceptible to water aging

than their CNF free counterparts.

A dynamic system existed during the experiment as evidenced

by composite and water quality characterization results. It was

Figure 4. Water Quality Characteristics of Immersion Testing Normalized

Leaching (a) COD and (b) TOC. Symbols represent (�) P/O, (�) P/GF,

( ) P/CNF, and (�) P/GF/CNF. The standard deviation of the measure-

ment was 6 0.02 mg/L-mg Resin. The dashed lines represent a guide for

the eye.

Figure 3. Moisture Content of Composites Compared on a Composite

Mass of Resin Basis. Symbols represent (�) P/O, (�) P/GF, ( ) P/CNF,

and (�) P/GF/CNF. The standard deviation of the measurement was 6

0.05 mg/mg.
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shown that oxidized CNF caused composites to be more sensi-

tive to water uptake compared to the CNF-free composites.

Even a small magnitude of CNF in the GF composite caused a

substantial change in composite water uptake. Because oxidized

reinforcements are preferred to achieve better dispersion and

bonding in hydrophilic matrices the impact of these materials

on water sorption and mechanical properties, deserve further

study. Results also indicate that a nanocomposite design strategy

that limits water uptake may also limit organic contaminant

leaching.

CONCLUSIONS

Results of this work have direct relevance to composite manu-

facturers and water infrastructure managers. Incorporation of a

very small amount of oxidized CNF significantly altered water-

composite interactions. Specifically, composites with CNFs

sorbed more water and leached more organic contaminants

than CNF-free composites. Even an addition of small oxidized

CNF quantities in the GF composites caused the P/GF/CNF

composites to absorb more water and release higher contami-

nants than the plain P/GF counterparts. While oxidized CNFs

are preferred for hydrophilic matrices, results from the present

study indicate composite manufacturers should also consider

their impact on composite mechanical and long-term durability

properties. Greater water sorption may expedite chemically

induced degradation processes. Water infrastructure managers

should also consider that greater VOC leaching may be a CNF

composite performance challenge that current CNF-free materi-

als do not encounter. In addition, the additional rate of leaching

from CNF containing materials is important in the context of

water quality standards used to return rehabilitated pipelines to

service.
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