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Abstract
Most nanomaterials enter the natural environment as nano-enabled products, which are typically
composites with primary nanoparticles bound on substrates or embedded in liquid or solid
matrices. The environmental risks associated with these products are expected to differ from those
associated with the as-produced particles. This article presents a case study on the end-of-life
emission of a commercial prototype polymer/quantum-dot (QD) composite used in solid-state
lighting for homes. We report the extent of cadmium release upon exposure to a series of
environmental and biological simulant fluids, and track the loss of QD-characteristic fluorescence
as a marker for chemical damage to the CdSe/ZnS nanoparticles. Measured cadmium releases
after 30-day exposure range from 0.007-1.2 mg/g of polymer, and the higher values arise for low-
pH simulants containing nitric or gastric acid. Centrifugal ultrafiltration and ICP was used to
distinguish soluble cadmium from particulate forms. The leachate is found to contain soluble
metals with no evidence of free QDs or QD-containing polymeric debris. The absence of free
nanoparticles suggests that this product does not raise nanotechnology-specific environmental
issues associated with degradation and leaching, but is more usefully regarded as a conventional
chemical product that is a potential source of small amounts of soluble cadmium.

INTRODUCTION
A major international effort is underway to identify and manage the potential risks of
nanotechnology to human health and the environment.1-4 Most research in this area focuses
on primary nanomaterials, whose behavior is directly relevant to occupational risks in
nanomanufacturing facilities.5 Consumer and environmental risks, in contrast, are most
often associated with nano-enabled products, which are typically composites in which
primary nanomaterials are bound on substrates or embedded in liquid or solid matrices.6 A
particularly common product formulation is a polymeric matrix with embedded
nanomaterials that enhance the optical, mechanical, or electronic properties or impart wholly
new function to the base polymer.
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It is widely understood that the consumer and environmental risks associated with nano-
enabled consumer products may differ from those of the primary particles on which most
current research is based. Embedded nanoparticles (NPs) typically have lower exposure
potential than free particles,7 but exposure can occur in principle if there is damage to or
degradation of the polymer matrix during use, misuse, or disposal.8,9 The exposure can be to
liberated particles, chemical components of degraded particles, or particle-containing
polymer wear debris.

In one example, Wohlleben et al.9 reported that no free nanomaterials were liberated by
sanding or weathering of polymeric and cementitious nanocomposites. While the wear
debris contained nanofillers, some of which appeared on the debris particle surfaces, there
was no apparent toxicological effect of the nanofiller component of the composite debris. It
is a challenge to study nanocomposite risks in any general way, because each commercial
product is a unique formulation, and both the degradation processes and the resulting debris
depend on the specific manner in which the product is stressed during use or disposal.
Nevertheless, more information and data are needed on the important topic of
nanocomposite risks, and in light of the challenges cited above, a practical way forward is in
the consideration of commercial product case studies.

One emerging nano-enabled consumer product is the Quantum Light™ Optic of QD Vision
Inc. (Lexington, MA). The optic is an acrylate polymer with embedded quantum dots (QDs)
used as a faceplate on light-emitting diode (LED) lamps to shift the output spectrum to more
closely resemble incandescent lamps, which have higher consumer acceptance. LED lamps
are more efficient than incandescent lamps and their widespread acceptance would lead to
significant energy savings and environmental protection. For illustration, today’s typical
luminous efficiencies of LED and incandescent lamps are 113 Lm/W and 17 Lm/W
respectively,10 and complete substitution in the world market would lead to approximately
1,000 TWh/yr energy savings and 200 million tones reduction in CO2 emissions.11 The use
of quantum dots for spectral correction saves an additional 25 - 40% of energy relative to
LEDs with broadband downconversion material such as rare-earth phosphors. QD-enabled
LED lighting products with 250 Lm/W are within reach in the coming decade. Quantum
dots absorb blue light and re-emit the energy through fluorescence downconversion at
longer wavelengths in a very narrow band (~30 nm full-width at half of maximum
(FWHM)) of color, while conventional phosphors have a typical FWHM of 90 - 120 nm,
resulting in significant deep red and infrared emission. Realizing the energy and
environmental benefits of QD-enhanced LED technologies will require careful consideration
of their potential risk and net benefits as nanoproducts.

Quantum dots in the form of suspended primary particles have been the subject of numerous
environment and health-oriented studies, reviewed by Hardman12 and Pelley et al..13 QDs
have been reported to be benign or toxic depending on the specific material, biological
system, dose, and length of test.12,13 Adverse responses have been attributed to associated
cadmium ions, NP surfaces, or a combination of the two.14,15 Many studies have considered
the effects of QD formulation, in the sense that toxicity is reported to be sensitive to the
presence and chemical nature of stabilizing shells, ligands, and other conjugated
moieties.12,13 Essentially all of the studies reviewed12,13 focus on primary QDs rather than
composites.

A subset of the literature deals with the issue of QD stability. Mahendra et al.16 report
bacterial toxicity of quantum dots due to cadmium or selenite ion, but only after a pre-
weathering step under acidic or basic conditions to destabilize the dots and cause ion release.
Navarro et al.17 provide evidence for degradation of quantum dots in soil and study both
particle and ion mobility in soil columns. King-Heiden et al.14 report little QD degradation

Liu et al. Page 2

Environ Sci Technol. Author manuscript; available in PMC 2013 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



during zebrafish exposure, and a toxicity mechanism that involves both particles and
associated ions. Hardman12 notes that adverse effects are more typically seen in longer term
studies. This may reflect the time required for the relevant toxicity pathways, or the
increased toxicity of QDs over time due to slow degradation and release of toxic cadmium
and selenium species. A number of studies report toxicity mitigation by inclusion of a ZnS
shell13, which may reflect stabilization of the CdSe core to ion release or passivation of
surface reactions. These degradation studies also focus on primary quantum dots rather than
composite materials. Relevant to polymer composites is a significant literature on (pure)
polymer degradation, and there have been several published life cycle analyses on polymer/
nanoclay composites.18,19 To our knowledge, there have been no studies of the
environmental or health implications of quantum dot composite materials.

The quantum dot product chosen for this case study is not a structural material that is likely
to be drilled, sawed or otherwise modified by consumers, so the main issue in environmental
risk is end-of-life behavior. Common environmental fates include landfilling, incineration,
improper disposal and product recycling. In this study we focus on landfilling, where the
optics will be exposed to fluid phases and may leach heavy metals, liberated QDs or
particle-containing polymeric debris. Cadmium, selenium, and zinc are known
environmental toxicants. If present in soluble form in the leachate, they represent chemical
pollutants whose risks may be assessed by conventional methods without the need for new
information on unique properties or behaviors that emerge at the nanoscale. If NPs are
liberated, however, they may have environmental mobilities, bioaccumulation propensities,
and toxicities that are different from the soluble forms of the constituent elements. The
presence of NPs in leachate does not necessarily imply an elevated risk, but does imply
uncertainty that warrants special consideration and possibly new regulation. A key question
for risk assessment and regulation of nanocomposites, therefore, is whether or not disposal
leads to NP liberation to the natural environment.20

The present article examines the end-of-life behavior of the Quantum Light™ Optic as a
case study in nanocomposite environmental risks. The study focuses on the extent and forms
of Cd release using a prototype optic in commercial size and form and a range of fluid
simulants. A particular interest is to determine whether this material liberates NPs following
shredding and long-term fluid exposure, which would imply a nanotechnology-specific
environmental issue, or whether the product liberates soluble cadmium and is more usefully
regarded as a conventional chemical product that is a potential source of leachate fluids
containing small amounts of soluble cadmium.

MATERIALS AND METHODS
Materials

Prototype Quantum Light™ optics were provided by QD Vision Inc. (Lexington, MA). The
optic consists of two borosilicate glass plates with a thin, hard, polygonal sheet of acrylate
polymer matrix embedded with QDs (Fig. 1A). The QDs employed in the optic were
approximately 50/50-wt% CdSe/ZnS core/shell structures with a core diameter of ~5 nm.21

The polymer-QD nanocomposite had a beige color under visible light (Fig. 1B) and a bright
orange color under UV irradiation (Fig. 1C). The bare CdSe/ZnS QDs suspended in toluene
and a QD-free optic assembly were also provided as reference samples. Eight environmental
or biological simulant fluids were used (Table 1). All solutions were prepared in deionized
(DI) water (18.3 M · cm). Pepsin (from porcine gastric mucosa) was purchased from Sigma-
Aldrich, and natural organic matter (NOM, Suwannee River Humic Acid Standard II and
Fulvic Acid Standard I) were purchased from International Humic Substances Society.

Liu et al. Page 3

Environ Sci Technol. Author manuscript; available in PMC 2013 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sample Characterization
Bright field and fluorescence images of fresh- and simulant fluid treated-samples were
acquired on an Olympus IX71 Inverted Microscope equipped with a UPlanApo 10×
objective. The fluorescence images were analyzed using CellSens® Dimension Imaging
software to obtain the mean fluorescence intensity of the acquired area (detailed procedure is
provided in supporting information, SI). Sample surface morphologies and roughness were
examined by atomic force microscope (AFM). AFM samples were prepared by exposing
QD-embedded polymer samples to simulant fluids for 2 years. The samples were then rinsed
with DI water, dried, and observed with a D3100 AFM (Veeco, Inc.) using contact mode in
air. Gravimetric water absorption was determined by immersing pre-rinsed and oven dried
QD-embedded polymer in DI water for up to 9 days, after which the weight of polymer was
re-measured after gently blotting the surface water. Selected 30-day leachates were
subjected to UV-vis and fluorescence analysis with bare CdSe/ZnS QDs as a control for the
possible presence of free NPs. QDs were mixed with MHRW and SHA fluids at
concentration of 0.5 ~ 1000 mg/L. After rotating at 60 rpm in dark for 10 days, the UV-vis
spectra of QD aqueous suspensions were recorded on a V-630 Spectrophotometer (Jasco,
MD), and the fluorescence intensity was measured on a SpectraMax M2 multiplate reader
(Molecular Devices, CA) with excitation at 490 nm and emission at 606 nm.

Cadmium Release Experiment
The release of cadmium (soluble and/or suspended) from the prototypes (Fig. 1) was tested
in eight environmental or biological simulant fluids (Table 1). The original glass-covered
optic assembly and QD-embedded acrylate polymer were cut into small pieces (~ 7 mm×7
mm), exposed to simulant fluid at 27.4 mg/mL and 1 mg/mL respectively, and rotated at 60
rpm in dark or under ambient light for up to 30 days. The fluid phases were exchanged
completely with fresh simulants after 1, 4, 7, 14 and 30-day exposure, and the cadmium
release was measured by inductively coupled plasma-atomic emission spectrometer (ICP-
AES) on a Jobin Yvon Emission JY2000 after HNO3 digestion for total (soluble and
suspended) cadmium release or after centrifugal ultrafiltration (Amicon Ultra-4 3K MW
cutoff, 30 min at 4000 g) to remove particles larger than 1-2 nm for soluble cadmium.
Multiple metal analysis (Cd, Se and Zn) was performed on selected lechates using ICP-AES.

Cadmium Partitioning
The ability of liberated cadmium ions to bind to the base polymer was characterized by
incubating QD-free polymer in CdCl2 solutions (1 mg/L Cd2+ in DI water or 1 mM H2O2) at
a concentration of 1 mg polymer/mL, followed with rotation at 60 rpm in dark and analysis
of aqueous cadmium concentration for up to 4 days. Soluble cadmium binding to NOM was
determined by measuring Cd2+ depletion in Cd2+ - NOM mixture solutions after removal of
NOM with centrifugal ultrafiltration. A kinetic experiment was carried out by adding CdCl2
to MHRW and NOM (20 mg/L SHA or SFA) at a Cd2+ concentration of 1 mg/L followed
with rotation at 60 rpm for 0.5 ~ 6 hours, after which free Cd2+ phase was collected with
ultrafiltration and analyzed using ICP-AES. Based on the rapid adsorption kinetics, a one-
hour equilibration time was chosen to measure equilibrium Cd2+/NOM adsorption isotherms
at 25 °C for starting Cd2+ concentrations at 0.02 ~ 20 mg/L.

RESULTS
Characterization of Prototype Optic

The QD-embedded polymer surface appears to be covered with a thin layer of adhesive,
which is easily rinsed off with water as shown by AFM (Fig. 2A and B) and optical
microscopy (SI, Fig. S1A and B). The samples show bright red/orange fluorescence (Fig.
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1C, Fig. S1C) and the presence of surface pores with average diameter of 80 μm. The
gravimetric water absorption by the pre-rinsed sample is 0.112 g/g polymer. The AFM
images (Fig. 2) exhibit no significant roughening after incubation in peroxide or nitric acid,
suggesting the stability of the polymer to the simulant fluids. One sample was immersed in
HNO3 over the entire course of this study (two years) and remained intact with the
appearance only of shallow surface pits demonstrating the high resistance of the polymer to
chemical damage.

Cadmium Release
We conducted release experiments in ambient light and in the dark for the full set of
simulant fluids, and found no significant effect of light on Cd release (SI, Fig. S2). The
remainder of the article reports only data taken in the dark. Figure 3 gives the time-resolved
total (soluble and suspended) cadmium release from QD-embedded polymer. Nitric and
gastric acids may destroy the ZnS shell,25,26 which facilitates the acidic etching of CdSe
core26,27and the mobilization of Cd. Hydrogen peroxide (1 mM) released less than 7 % of
the amount released in HNO3 over 30-day exposure, which is lower than the 16% reported
by Derfus et al.28 for mercaptoacetic acid capped CdSe QDs after 24 hr H2O2 exposure. To
understand whether Cd could be solubilized from the dots but remain complexed within the
polymer, we characterized the ability of Cd2+ to adsorb on QD-free polymer samples (SI,
Fig. S3). The 24-hr exposure of QD-free polymer to 1 mg/L Cd2+ gave 0.002 mg Cdad/g
polymer in DI water and 0.004 mg Cdad/g polymer in 1 mM H2O2. Based on these controls,
the complexation of solubilized Cd2+ to the polymer has a negligible effect on the data in
Fig. 3. We then performed a more complete elemental analysis of the 30-day filtrates (Fig.
4). The CdSe/ZnS QDs used in the prototype optic are protected by a thick (50 wt%) ZnS
shell that improves chemical stability. Figure 4 shows that less than 8% Zn2+ is liberated
after 30-day H2O2 exposure, suggesting ZnS shell is only partially dissolved, possibly due to
the embedded structure of QDs in polymer matrix and the formation of slightly soluble
Zn(OH) (Ksp =3×10−17) as an oxidation product29.

The Fig. 3 and 4 experiments were conducted on polymer sections removed from the glass
cover plates in the prototype optic to simulate breakage during handling and disposal.
Experiments on pieces of the full prototype optic show that the glass plates provide
negligible shielding (SI, Fig. S4A), which is likely due to the ease with which the polymer is
separated from its protective housing during rotation in the incubation step (SI, Fig. S4B).

Forms of Released Cadmium – Ion versus Nanoparticle
Of particular interest in this study are the forms of released cadmium – does the prototype
liberate NPs or only soluble cadmium? Cadmium release was tracked over 30-day fluid
exposure after HNO3 digestion for total cadmium (particles and ions) or after centrifugal
ultrafiltration for soluble cadmium. Figure 5 gives the accumulated 30-day total Cd release
versus soluble Cd release, indicating that soluble ions are the predominant cadmium species.
The only significant difference between total and soluble cadmium release was observed in
the environmental simulants containing NOM (SHA, SFA). We considered the possibility
that the insoluble Cd in those two filtrates was: (i) free QD NPs, (ii) polymer debris
containing QDs, (iii) Cd2+ bound to NOM macromolecules that are captured on the 3k MW
ultrafilter and reported as condensed-phase cadmium. Possibilities (i) and (ii) could arise if
the polymer degrades to produce hydrophobic debris that adheres to the bulk optic, and the
debris transports to the filtrate only in the presence of NOM that acts as a surfactant. In a
related observation, Navarro et al.30 reported that NOM facilitated phase transfer of organic
ligand capped CdSe QDs from organic solvent to the water phase. Here we used UV-vis and
fluorescence spectrometry to look for suspended QDs in the filtrates but could not detect any
spectral features characteristic of QDs. Control experiments with bare QDs and SHA

Liu et al. Page 5

Environ Sci Technol. Author manuscript; available in PMC 2013 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



revealed detection limits of 50-100 mg/L, which are too high for this technique alone to be
sufficient in ruling out (i) and (ii).

To assess possibility (iii), we characterized the binding of Cd2+ to both SHA and SFA under
conditions existing in the fluid phases of this study. We first studied the kinetics of binding
(SI, Fig. S5A), from which a suitable exposure time was chosen for measurement of
equilibrium adsorption isotherms (SI, Fig. S5B). The maximum adsorption capacity of Cd2+

on NOM is 0.156 mg/mg SHA and 0.131 mg/mg SFA using Langmuir-Freundlich (LF)
model31,32 fitting (SI for details). These isotherms can be used to show that Cd2+/SHA and
Cd2+/SFA complexes fully account for the difference between soluble and total Cd release
without the need to invoke particle release (see discussion).

Fluorescence as a probe for QD damage
Fluorescence microscopy was also used to monitor QD degradation. Figure 6A shows the
QD polymer film loses fluorescence signal rapidly in HNO3 and gastric acid in parallel with
fast cadmium release. Fluorescence bleaching is more pronounced at the edge and
sometimes in the vicinity of pores (SI, Fig. S6), and is easily observed under UV irradiation
(Fig. 6B). In most other simulants (PBS, TCLP, MHRW, SHA, and SFA) the fluorescence
intensity remains constant as a result of polymer matrix shielding action, consistent with the
low Cd release. Cadmium release is also low in 1 mM H2O2; however, there is a continuous
drop in fluorescence intensity. It has been reported that CdSe QDs are susceptible to
oxidation by hydroperoxides,33 O2/photons,34 cyclohexenyl peroxide,35 and the formation
of CdSeOx at the CdSe/ZnS interface has been suggested to cause blue shift and decay of the
primary fluorescence peak.34 We also considered the possibility that Cd and Se are first
mobilized and then precipitated in the H2O2 experiment, but the relevant oxide phases are
too soluble to support this hypothesis. The most likely mechanism is oxidative damage to
the QDs and loss of fluorescence with minimal Cd/Se leaching.

DISCUSSION
Most nanomaterials are sold as formulated composites, and more information is needed to
understand and manage their environmental risks. Here as a case study we examined the
end-of-life stability of a commercial prototype quantum-dot/acrylate polymer composite that
is a component in an emerging consumer product for advanced LED lighting. We report
cadmium release (1.10-1.20 mg/g polymer) into two low-pH simulant fluids (1 M HNO3
and gastric acid) and much smaller releases (< 0.10 mg/g polymer) from other simulants (1
mM H2O2, PBS, TCLP, MHRW, SHA and SFA). The cadmium release is accompanied by
loss of the QD-characteristic fluorescence, indicating chemical damage to the CdSe/ZnS
NPs. The release is time dependent over 30 days but is not ambient light dependent. In
addition, there is no apparent structural damage to the acrylate polymer matrix during
exposure. Peroxide treatment destroys dot fluorescence and optical absorption but does not
release appreciable cadmium, which is consistent with QD damage and formation of
insoluble oxide phases, and suggested the loss of fluorescence of QD-composites alone is
not sufficient to indicate the release of QDs or their components.

A central question for assessing nano-specific risk is whether the prototypes release free
quantum dots or suspended polymeric debris containing embedded QDs. Centrifugal
ultrafiltration through regenerated cellulose filters (3k MW cutoff) removes even 1-2 nm
particles37 and here demonstrates that the Cd release is in soluble form not particulate form.
The data for humic and fulvic acid simulants initially appeared to be exceptions, as they
showed a significant difference between unfiltered (total) Cd and filtered (soluble only) Cd.
We thought initially that QDs or polymer debris were being liberated from the product but
remain reattached to the polymer film by hydrophobic forces and thus did not report as
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suspended particulate unless NOM was present. Humic and fulvic acids are known to aid in
the dispersion and phase transfer of hydrophobic nanomaterials.30,38 An alternative
hypothesis, however, is that the NOM binds soluble Cd and are removed themselves by
ultrafiltration causing a part of the soluble Cd to report as “suspended matter”. The clear
color of the filtrate indicates that NOM is captured by the ultrafilter, but the amount of
complexed Cd they contain is unknown. The measured adsorption isotherms for Cd2+/SHA
and Cd2+/SFA (Fig. S5B) were used to estimate the bound Cd2+ in equilibrium with the free
Cd2+ in the leachate. Figure 7 (also see SI, Fig. S7) shows that Cd complexation on SHA/
SFA can fully account for difference between filtered and unfiltered leachates. We thus find
no evidence for the release of QDs or QD-containing polymeric debris in any of the simulant
fluids, which is consistent with our separate observations that the filtrates lack any QD-
characteristic fluorescence and that there is no apparent degradation of the polymer matrix.

The data provide some insight into the release mechanism. The complete loss of color and
fluorescence, along with the extent of Cd release in low-pH media, suggests bulk solvent
penetration rather than surface leaching. For the ~100 μm thick polymer films, diffusion
times can be estimated as L2/Deff, where Deff= Dθ/τ using the 11% water infiltration to
estimate porosity, θ, a tortuosity factor, τ of 4, and a typical liquid-phase D value of 10−5

cm2/s. The characteristic diffusion time for decomposition products estimated in this way is
of order ~5 min (see SI for details), consistent with the release data in low-pH media. We
suggest that the release rate for the neutral pH simulants is limited by dissolution reaction
kinetics rather than water infiltration or product diffusion.

Overall, our data suggest a mechanism of solution infiltration, CdSe/ZnS partial dissolution,
and out-diffusion of the dissolution products from the polymer matrix, which remains intact.
This material thus behaves like conventional Cd-containing material rather than a nano-
product, though of course the nanoscale nature of the CdSe/ZnS certainly plays a role in the
rates and extents of Cd release. It is difficult to say if this “in situ NP degradation”
mechanism is a general trend in NP/polymer composites, and this difficulty is an inherent
limitation in the case study approach. One could nevertheless imagine that the leaching of
soluble vs. nano-particulate material is governed by the relative rates of polymer and NP
degradation. Stable hydrophilic polymers can imbibe water and allow attack and slow
dissolution of NP components to produce soluble NP degradation products in the filtrate, as
observed here. In contrast, a polymer that degrades readily could lose structural integrity and
liberate NPs or NP-containing polymer debris that would warrant additional consideration.
While there is much interest in the environmental benefits of biodegradable materials, in the
case of NP composites it may be more desirable to have non-biodegradable matrices that
either sequester the NP filler indefinitely, or allow it to degrade in situ as observed here.
There are also needs to build standard release testing procedure for better assessing the
potential environmental impact of NP composites.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The prototype optic and procedure to determine soluble and particulate cadmium release.
(A) Exploded sketch of the optic, and illustration of the leaching procedure. Photograph of
optic with part of the polymer removed under (B) visible light and (C) 365 nm UV
irradiation.
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Figure 2.
AFM images of QD-embedded polymer that are (A) as-received; (B) rinsed with DI water;
(C) incubated in 1 mM H2O2 for 2 years; and (D) incubated in 1M HNO3 for 2 years. Black
arrows in (A) show granule like surface adhesive coating, and white arrows in (D) show
shallow pits. Scale bars are 1 μm.
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Figure 3.
Time-resolved total cadmium release from QD-embedded polymer. Experiments were
conducted with 1 mg polymer/mL solution at 25 °C in the dark.
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Figure 4.
Multiple element release from QD-embedded polymer after 30-day exposure in 1 mM
H2O2, suggesting ZnS shell was partially dissolved.
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Figure 5.
Forms of Cd release from QD-embedded polymer, showing soluble Cd is the predominant
form in most filtrates. Exposure for 30 days under 60 rpm rotation in the dark.
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Figure 6.
Fluorescence as a probe for QD damage. (A) Time-resolved relative fluorescence intensity
of QD-embedded polymer during fluid exposure. (B) Photographs of QD-embedded
polymer after 30-days exposure under visible light (top) and 365 nm UV irradiation
(bottom). Note that the light blue color in gastric acid is characteristic of pepsin,36 and the
dark blue color of the polymer in H2O2 is possibly the result of light scattering.
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Figure 7.
Total and soluble Cd release from QD-embedded polymer in the presence of SHA and SFA
(points) and correction of the soluble release for Cd2+ bound to NOM (dashed lines).
Experiments were conducted in the dark for 30 days. The correction was calculated from the
Langmuir-Freundlich isotherms in Fig. 6, and strongly suggests the difference between total
and soluble Cd is due to adsorption on NOM.
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Table 1

Environmental and Biological Simulant Fluids

Simulant fluids Components pH

Nitric acid (positive control) 1 M HNO3 0.16

Dilute peroxide (mild oxidant) 1 mM H2O2 5.81

Phosphate buffered saline (PBS)
8.01 g/L NaCl, 0.20 g/L KCl, 1.44 g/L Na2HPO4,

0.24 g/L KH2PO4
7.38

Gastric acid22 2 g/L NaCl, 7 mL/L 37% HCl, 3.2 g/L pepsin 1.12

Toxicity characteristic leaching
procedure extraction fluid #1

(TCLP)*23
5.7 mL/L glacial acetic acid and 2.572g/L NaOH 4.93

Moderately hard reconstituted
water (MHRW)24

0.096 g/L NaHCO3, 0.06 g/L CaSO4•2H2O,
0.06 g/L MgSO4, 0.004 g/L KCl 8.02

Humic acid (SHA) 20 mg/L humic acid in MHRW 7.71

Fulvic acid (SFA) 20 mg/L fulvic acid in MHRW 7.47

*
TCLP standard extraction procedure was not used
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