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Increased light blocking properties of extruded films can be realized by sustainable, post-consumer recycled
(PCR) polymers. This study elucidates the light blocking mechanism of these films within the ultraviolet-
visible region (UV–Vis) via a novel optical measurement and electron microscopy analysis. A spectrometer and
integrating sphereweremounted on a translational stage opposite a light source tomeasure the apparent absor-
bance as a function of distance. Itwas determined that amixed scattering/reflectionmechanism is present for vir-
gin/PCR high density polyethylene (HDPE) blendswith increased scattering in the ultraviolet and both scattering
and reflection in the blue-visible. An electron microscopy study further suggests that the unique optical proper-
tiesmay be due to thewell-dispersed nano-domains of aluminum, oxygen, and silicawith increasing PCR content
in addition to changes in crystalline domains reported previously. This inspired the application of thematerial as
a lightfixturefilter for preserving light sensitive products. The preservation efficiency of light sensitive specimens
under light emitting diode (LED) illumination was evaluated quantitatively (CIE L*a*b* color space) and qualita-
tively (digital imaging) as a function of time. Using roast beef as a model system, themaximum red color change
(a*) of non-filtered roast beef specimens was realized approximately 55% faster than the filtered (Δa* = 7.1) in
simulated retail display conditions. The improved color retention under filtered light can be attributed to in-
creased light scattering across the blue wavelength range (440–485 nm) reducing light exposure near the max-
imum absorption band of myoglobin. Reduction of blue light exposure inhibits metmyoglobin production and
meat discoloration. Data presented in this study suggest that PCR polymers can tune light blocking properties,
providing a means to increase the color retention of light sensitive foods while simultaneously diverting food
and plastic waste from landfills.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Global plastic production surpassed 348 million tons in 2017 with
the majority of these plastics intended for single use applications [1].
Landfill diversion strategies are needed to redirect plastic waste as con-
sumer demand increases municipal solid waste accumulation. High-
density polyethylene (HDPE) is widely used in consumer and industrial
applications due to its high strength and stability, contributing 17.6% of
plastic waste—the third largest plastic category inmunicipal solidwaste
[2]. HDPE is a highly problematic material in landfills as its stability and
low susceptibility to environmental factors limits its degradation. How-
ever, these attributes are useful in retaining physical properties in sec-
ondary recycling practices. Introducing post-consumer recycled (PCR)
ction Consortium, Iowa State
material into virgin resin is therefore a highly promising route to reduce
waste. A previous study [3] demonstrated that the PCR content alters
key properties of high density polyethylene films. Pure HDPE films of
similar thickness to those used in this work (3–5 mil) are commonly
found in a number of forms including plastic sheeting for floor/furniture
protection, frosty die cut bags, and cereal/cake mix bags. Increasing the
PCR concentration resulted in molecular changes in the polymer blend
via increased terminal substitutions (vinyl and carbonyl) and changes
of the crystalline melting behavior. The molecular and crystalline
changes induce drastic variation in functionality, specifically in the
film's absorptivity in the ultraviolet region [4–7]. However, the detailed
mechanism behind the increased absorptivity has yet to be determined.

In this study, we designed a new instrument to study the optical
properties of PCRfilms,with examination ofmicrostructure and compo-
sition through high resolution transmission electron microscopy (HR-
TEM). Furthermore, we presented the effectiveness of blending PCR
with virgin HDPE for preventingmeat discoloration in commercial retail
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display case environments. A custom light scattering instrument was
built to identify differences in absorption/reflection and scatteringprop-
erties in the ultraviolet-visible spectrum. A xenon white light illumi-
nates through the sample with a fixed aperture, and the apparent
absorbance spectrum is measured as a function of distance from the
sample (Fig. 1). With the detector at zero distance, all light entering
the integrating sphere is influenced by reflection, absorption, and scat-
tering. As the detector is moved away from the sample, light scattering
events reduces the amount of light entering the detector and the appar-
ent absorbance increases. Therefore, increasing apparent absorbance as
a function of distance from the sample is indicative of scattering events
and conversely, no change in the apparent absorbance is indicative of
purely absorbance/reflective properties. The material structures re-
sponsible for optical property changes were determined via transmis-
sion electron microscopy and energy-dispersive X-ray spectroscopy
(EDS). Through this technique, the details of the nano-domains inmate-
rial composition (with varying PCR content) were identified.

By determining the film's optical properties, appropriate end-use
applications can be appointed. Wavelength dependent scattering and
absorption properties are potentially useful for improvement of color
retention of light sensitive foods. Existing light emitting diode lighting
in commercial retail display cases can significantly and rapidly degrade
food products and packaging ink, reducing shelf life and consumer ac-
ceptability. The color of food products, such asmeats, cheeses, andpack-
agingmaterials has been shown to fade from light induced degradation
reactions [8–11]. To retain viable consumer appearance for delicatessen
ready to eat products such as roast beef and ham, slicing for full-service
sale are commonly performed multiple times per day. There is signifi-
cant additional labor costs associated with this approach, which re-
duces, but does not eliminate, food waste. The United States
Department of Agriculture estimated that 30–40% of food (up to 133 bil-
lion pounds and 161 billionUSD) in theUnited States iswasted annually
at retail and consumer levels [12]. Globally, it has been estimated that as
much as half of all food grown is lost or wasted prior to reaching the
consumer, partially due to real and perceived loss of quality from visual
changes during retail display [13]. Therefore, technology and retail dis-
play methods to improve consumer perception (and shelf life) are crit-
ical in reducing economic loss and food waste.

Delicatessen meats such as rare roast beef serve as an excellent
model system to investigate the influence of light exposure on
Fig. 1. Light scattering instrument composed of a spectrophotometer and tra
consumer perception due to rapid noticeable and quantifiable degrada-
tion [14,15]. This process occurs due to the oxidative degradation trans-
formation of myoglobin to metmyoglobin [16–18]. The oxidation
transformation initiates a change in redness (quantitatively described
as a* in the L* a* b* color space). Metmyoglobin production from myo-
globin is catalyzed when the product is exposed to light with
myoglobin's absorptivity across blue wavelengths (440–485 nm)
being the most sensitive to light degradation. Discolored meat causes
significant changes in customer purchasing patterns, and it was deter-
mined that sales decrease by two times when 20% metmyoglobin pig-
ment is present [19]. We hypothesized that limiting exposure to blue
lightwill reduce the transformation ofmyoglobin tometmyoglobin, en-
abling increased shelf-life delicatessen meats. Due to the low optical
clarity of PCRHDPE films, we sought to retrofit the light filtering film di-
rectly to the surface of the LED bulb. In all cases, only the LED bulb is
retrofitted with the PCR filtering material.

To mimic retail conditions, a commercial open, multi-deck, self-
service display case was equipped with commercially available LED
canopy and shelf fixtures. The PCR HDPE film was adhered to the sur-
face of the lighting fixtures to provide filtered lighting conditions
when applicable. Ten samples of each product were used in each
trial, with five in direct light (filtered or unfiltered) and five placed
under aluminum foil to serve as the negative control (absence of
light). Digital images and quantitative colorimetric data (L*a*b*
values) were collected as a function of time for eight days. To ensure
proper and repeatable light intensity exposure of the samples, two
trials were completed: 1) as received LED lights alone, and 2) the
same LED lights with the light blockingmaterial attached. In both tri-
als, test specimens were placed on the same shelves and locations to
ensure the most accurate comparison of colorimetric changes due to
the presence of the light filters. It was demonstrated that with the
application of the filters, the maximum color change in a* (7.1) was
55% slower, compared to the unfiltered counterpart. Under retail
conditions, it can be reasonably assumed that there are no adverse
microbial loads, and the products are prepared under Good
Manufacturing Processes. Therefore, we only assessed colorimetric
changes of the roast beef as an indicator of consumer acceptability
and product quality. Together, the results of this study impact the re-
duction of landfill accumulation of food and plastic waste, potentially
providing economic growth due to decreased labor costs.
nslation stage to differentiate optical behaviors as a function of distance.

Image of Fig. 1
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2. Materials and method

2.1. Sample preparation

Post-consumer high-density polyethylene and virgin high-density
polyethylenewere handblended for homogeneity to achieve PCR:virgin
ratios of 0, 20, 40, 60, 80, and 100% by weight. Prior to extruding, each
blend was dried at 100 °C to remove adsorbed atmospheric water. The
dried blends were then extruded with a single screw extruder (Killion)
with three barrel heat zones (set to 190.5 °C), a coupler heat zone (set to
204.2 °C), and thermally controlled two zone coat hanger style die (set
to 204.4o C). The molten extrudate was collected on a J stack take up
roller set at a fixed distance from the die. Sample thickness was verified
as 3–5 mil.

2.2. Light scattering measurements

A UV–Vis spectrometer (Ocean Optics QEPRO) was used in tandem
with an integrating sphere (Ocean Optics FOIS-1) tomeasure the irradi-
ance from a pulsed xenon light source (Hamamatsu L9455–22). The
spectrometer was pre-configured for 1 nm resolution with a spectral
range of 200–1000 nm. The absorbance of light passing through the fil-
terwasmeasured as a function of distance (10–110mm),with the spec-
trophotometer moving away from the detector on a motorized stage
(Thorlabs LTS 300, Fig. 1). Raw light was projected through the sample
holder aperture and onto the integrating sphere input aperture. To ac-
count for beam divergence, reference levels were taken at each interval.
Fiber bend radius wasmaintained via combined translation of the spec-
trometer and stage (reference readings are reproducible within a 0.3%
threshold). Three scans were averaged at each point to improve signal
and to average pulse-to-pulse variation from the light source.

2.3. Transmission electron microscopy (TEM) characterization

Bright-field transmission electronmicroscopy imageswere acquired
on a 200 kV JEOL 2100 scanning/transmission electron microscope.
Tecnai F20 microscope operating at 200 kV was used to acquire high
angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) images and energy dispersive X-ray spectroscopy spec-
tra. The films were immersed in sucrose solution-embedded block, fro-
zen at−120 °C, and then sectioned by using a LeicaUC6 ultramicrotome
with a FCS6 cryo unit (Leica-microsystems.com) and a diamond knife.
Thin sections of the film (90 nm) were then transferred onto carbon-
coated copper grids at room temperature for TEM characterization. Sub-
sequently, the gridswere stainedwith 2%Rutheniumtetroxide vapor for
a period of about 15 min to aid in contrast differentiation [20].

2.4. Display case configuration and sample placement

An open, multi-deck, self-service display case (Hill Phoenix, O5DM-
8; Fig. S1a.) was equippedwith LED canopy fixtures (Clearvoyant v4 HO
P105992C) and shelves (Clearvoyant v4 SO P105967F) coupled to a
100 W 24VDC output LED driver (P096368H). The first trial consisted
of the display case utilizing the as received (“standard”) light fixtures.
In the second trial, each light fixture was retrofitted with the custom
blend light blocking material, adhered to the lens cover with adhesive
strips (Fig. S1a. and S2.). The filter was comprised of 80%waste diverted
post-consumer recycled high-density polyethylene and was produced
as described previously [5].

Rare roast beef was sliced and procured from a local retail outlet
within 30 min prior to each trial to obtain the freshest andmost consis-
tent product for each trial. This involved transportation of the product in
coolers kept at 4 °C prior to placement in the retail display case. To begin
the study, each sliced specimen was enclosed in a commercially avail-
able polyethylene package then placed on the second shelf of the dis-
play case (Fig. S1b.). Dark control roast beef samples (absence of light)
were placed on the third shelf and coveredwith aluminum foil (without
creating a hermetic seal) to quantify color changes in the absence of
light. Comparison of the color changes of the dark control samples to
those in direct light enables a direct investigation of the impact of
light intensities on color changes of each specimen.
2.5. Quantitative colorimetric measurements

Color changes of the rare roast beef specimens were quantified as a
function of exposure time using a BYK spectro-guide 45/0. A xenon
light sourcewith an incident light color of a D65 illuminant was utilized
to calculate color changes with a 10o observer angle according to Tapp
et al. [21]. Illuminant and observer were selected in the instrument soft-
ware settings. Color changes were quantified using the CIE L*a*b* color
space coordinates. The color space coordinates are expressed as three
numerical values: the L* coordinate represents lightness following in
0 ≤ L* ≤ 100 (L= 0 for black, L = 100 for white), the a* coordinate rep-
resents the red-green axis, (positive values for red and negative for
green), and the b* coordinate represents the blue-yellow color axis,
(positive values for yellow and negative for blue) [22]. Measurements
for each specimen were recorded in the same X-Y spatial coordinates
to avoid and reduce the variability in sample homogeneity that may in-
fluence quantitative colorimetric analysis as shown in Fig. S3.

Differences in color are quantitatively described by calculating the
magnitude of the color change across the three-dimensional color
space and expressed as the term ΔE (Eq. 1) [23].

ΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔL∗2 þ Δa∗2 þ Δb∗2

q
ð1Þ

ΔL*: is the difference in brightness.
Δa* and Δb*: are the differences in the color coordinates a* and b*,

respectively.
Direct comparisons of color changes (ΔE) of each specimen were

classified according to the categories established previously [24].

- 0–1 A normally invisible difference,
- 1–2 Very small difference,
- 2–3.5 Medium difference,
- 3.5–5 An obvious difference,
- > 6 A very obvious difference.

2.6. Incident radiation measurements

An STS micro spectrometer (Ocean Optics) was utilized to measure
the incident radiation (absolute irradiance) from the LED lights with
andwithout the filter. The spectrometer was configured tomeasure ab-
solute irradiance of the visible spectrum (average of three scans with
ten second exposure times per measurement). Spectral measurements
were collected in the same X-Y spatial coordinates on the shelf where
samples were placed (red numbers Fig. S1b.).
2.7. Digital image recording

Digital images of each specimen were recorded as a function of time
using a full frame (35 mm equivalent) Nikon D750 digital camera
equipped with a Nikon 24-120 mm lens (AF-S Nikkor 24-120 mm f/
4G ED VR). Digital images were collected of each specimen inside a
BYK spectra light box equippedwith a D65 illuminant to provide optical
representations of the quantitative data collected from the BYK
colorimeter.

http://Leica-microsystems.com
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3. Results and discussion

3.1. Light filter mechanism

To tune light blocking properties for specific light sensitivematerials
using PCR polymers, it is necessary to elucidate the light filtering mech-
anism. This enables increased protection of light sensitive productswith
differing sensitivities across the ultraviolet-visible spectrum. A custom
light scattering instrument was fabricated (Fig. 1.) utilizing a spectro-
photometer on a translation stage to measure the absolute intensity of
light in the ultraviolet and visible spectrum as a function of distance
from the light blocking material. To validate trends in light scattering
events for materials, fused quartz specimens were acquired with either
a ground surface (diffusion/scatterer) or ametal deposition coating (ab-
sorber/reflector). With these standards, three possible optical phenom-
ena can be discerned: scattering, absorption, and reflection.

The apparent absorbance was measured for PCR HDPE films
(0–100% PCR) as a function of distance from the light blocking material
(10–110 mm). With the introduction of distance, scattering events
throughout the ultraviolet-visible spectrum can be probed. The appar-
ent absorbance for each experiment was reported as an absorption
ratio (Eq. 2) to facilitate understanding of reflection, scattering, and ab-
sorption events. A purely absorbing/reflecting material would be ex-
pected to exhibit no change in absorbance with increasing distance,
yielding a ratio value of 1. Conversely, a scattering mechanism would
possess an absorbance ratio greater than 1.

AbsorbanceRatio ¼ Absorbancedistance : Absorbanceinitial ð2Þ

To verify the methodology, two optical lenses were used: one
known reflector (UV Fused Silica Reflective Filter, OD: 0.1, Thor
Labs) and one known diffuser (UV Fused Silica Ground Glass Diffuser,
Grit: 1500, Thor Labs). Prior to beginning the study, the optical values
Fig. 2. Contour plot of the light filters as a func
of lenseswere verified as in agreement with the reported values from
the supplier. The diffusing and absorbing lenses were thenmeasured
with the new technique. The absorbance ratio did not change
throughout the UV–Vis region as a function of distance for the purely
reflecting lens (Fig. S4.). In contrast, the diffusing lens demonstrated
a linear increase in the absorbance ratio as a function of distance
(Fig. S5.).

After the instrument and method was verified with the absorbing
and scattering/reflecting lens, HDPE films of varying PCR content were
measured (Fig. 2. and S6.). It was determined that the introduction of
PCR content increases the scattering efficiency throughout the spectrum
(greatest increase occurs 260–500 nm). Virgin HDPE blown films pos-
sess low levels of scattering in the ultraviolet portion of the spectrum
(Fig. 2.). The mechanism for the drastic increase in light scattering
may be due to the introduction of new phases in the PCR films. Larena
and Pinto [25] demonstrated that scattering in regenerated cellulose tu-
bular films was a result of the mismatch of refractive indices from in-
creased amorphous fraction due to repeated recycling. The
redistribution of crystalline domain sizes may also influence the degree
of scattering [26]. In the same regard, the relative degree of scattering
increases linearlywith PCR content. For all light filteringfilmsmeasured
(0–100% PCR HDPE), the absorption ratio suggests a relatively higher
degree of scattering from 260 nm into the lower end of the visible spec-
trum (400–500 nm) (Fig. 2.). Absorbance ratios were determined to in-
crease up to 500 nm, suggesting that higher PCR concentrations
improve the film's scattering properties for visible/ultraviolet blocking
properties. In the lower UVC region, it is shown that absorbance domi-
nates the light blocking mechanism. It is hypothesized that this occurs
due to the production of carbonyls (absorption band at 180–220 nm)
in the recycling process [27]. The combination of scattering and absorp-
tion may be responsible for the optical properties observed in the ex-
truded PCR HDPE films.
tion of detector distance and wavelength.

Image of Fig. 2


Fig. 4. (a)Measured irradiance spectra from retail display case LEDwith andwithout filter
and (b) reflectance of the roast beef with no filter.
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In addition to understanding the apparent absorption/ scattering
properties of the PCR/virgin HDPE films, reflection spectra were col-
lected via colorimeter to quantify light reflection as function of PCR con-
centration. In this way, it is possible to differentiate absorbance and
reflectance properties aside from the separate phenomena of scattering.
The experiments determined that increasing PCR content increases light
reflection, particularly at wavelengths greater than 560 nm (Fig. 3.).
However, at 560 nm it appears that no light is reflected and is either
absorbed or transmitted. We hypothesize that absorption occurs due
to the conjugation of terminal vinyl groups [26]. Overall, it was demon-
strated that PCR content introduces new optical properties to the film,
increasing the scattering and reflection properties of the material. This
is hypothesized to be a result of new nano-sized domains of inorganic
materials identified via TEM analysis [26,28].

To further understand the mechanism of absorption/scattering
properties, microstructures of films with different PCR content
were characterized by transmission electron microscopy. As seen in
Fig. S7., increasing PCR content induces nanoscale changes in mate-
rial composition. Compared to the virgin HDPE film, films including
PCR content appear to have a large amount of well-distributed do-
mains of 50–200 nm size. The compositions of the nano-sized do-
mains were analysed via EDS (Fig. S8.). EDS reveals the domains
are enriched with Si, Al, and O, suggesting the presence of Al2O3

and SiO2. Since the PCR plastic is landfill diverted and the sourcing
is not controlled, Si and Al could be additives or fillers (talc, etc.) or
formed in situ [29]. Specifically, shear stress realized on macro-
sized particles may be responsible for the formation of dispersed
nano-sized domains in extrusion processing. These well-dispersed
domains introduce tremendous amounts of interface in the system
andmay induce significant degrees of scattering. The scattering spec-
trum may be correlated with the domain size and distribution. In-
deed, nanoparticles have been widely applied in coating materials
as opacifiers to modulate the scattering of different wavelengths of
light [30,31]. As a result, the TEM results serve as indirect evidence
to support the hypothesis that the formation of nano-sized domains
causes scattering due to the formation of new interfaces.

3.2. Light blocking spectrum of recycled polyethylene film

Critically important to display case design is the product appear-
ance under standard display conditions. As a result, technologies de-
signed to reduce light induced degradation must not alter product
color observed by consumers as this may impact consumer percep-
tion of the products. Differences between absolute irradiance spectra
of the LED lights with and without the filter material were measured
in the display case. Measurements indicate a light intensity reduction
Fig. 3. Reflectance spectra of HDPE films as function of PCR concentration.
for the display case LED light (Fig. 4a.), but the reduction appears to
be uniform throughout the spectrum which is anticipated to influ-
ence consumer perception of colors equally. It is important to note
that the LED lights emit a noticeably strong band between 420 and
480 nm compared to other wavelengths (Fig. 4a.). This band is adja-
cent to the maximum absorption wavelength of myoglobin at
405 nmwhich could be a significant component in rapid color degra-
dation. The roast beef specimens weremeasured to reflect the lowest
amount of light in this region (Fig. 4b.) [32]. Reduced reflectance can
generally be correlated to increased light absorption as significant
light transmission is not expected, and with the measured reflec-
tance of roast beef being less than 20% between 445 and 480 nm,
we can infer that blue wavelength exposure influences meat discol-
oration. The similarities between the LED emission, efficient light
scattering of the light blocking material, and roast beef absorption
supports utilizing the filter for color retention improvement.
3.3. Quantitative colorimetric analysis of roast beef

Color differences of filtered roast beef samples (Fig. 5.) were com-
pared to those exposed to standard LED retail display conditions (with-
out filter). It is well known that protein such as rare roast beef and fresh
beef will undergo color changes due to the increase of metmyoglobin.
As a result, we hypothesize that adequately filtering and/or decreasing
the direct exposure of light on fresh meat products will decrease red-
ness color change (a*) associated with myoglobin oxidation.

The filter was determined to reduce the overall color change (ΔE) of
rare roast beef samples (Fig. S9.) compared to unfiltered samples. Color-
imetric analysis indicated the presence of at least amedium color differ-
ence after only approximately an hour and a half of light exposure
(2 < ΔE < 3.5) for unfiltered samples (Fig. S9.). In contrast, a ΔE value
of ~1 in the same timeframe for filtered roast beef samples was realized
which is normally not distinguishable from the initial roast beef color
(Fig. S9.). Therewas aminimumof amediumdistinguishable difference
between the samples exposed under the filter and those without filter

Image of Fig. 3
Image of Fig. 4


Fig. 5. Calculated magnitude of red/green color change (a*) for roast beef samples as a
function of time with and without the filter using a D65 illuminant.
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up to 50 h of exposure (difference of ΔE values between 2 and 3). The
difference in color changes becomes more distinguishable as the expo-
sure time continues (Fig. S9.).

To further understand the influence of the filter on color changes of
rare roast beef specimens,ΔE values of the exposed samples were com-
pared to those from specimens conditioned without light exposure
(dark control). This comparison isolates the influence of light exposure
on color changes as dark control specimenswere shielded from light ex-
cept when collecting digital images and colorimetric data in the same
fashion as those exposed to light. The quantitative colorimetric data in-
dicated that there was no distinguishable difference in color between
the roast beef specimens exposed tofiltered light and dark control spec-
imens up to 120 h of exposure (Fig. S10.), i.e., difference in ΔE was
below one [24]. Furthermore, the difference between filtered/ exposed
roast beef specimens and dark control specimens reached a maximum
difference ofΔE=3.7 throughout the entire trial. The equivalent differ-
ence in color change for the samples (i.e., change in ΔE of 3.7) without
the filter was measured to occur at 53 h of exposure which is over
100 h less than the samples exposure under the filtered light.

To interpret the key factors which contribute to the total color
change (ΔE) of roast beef samples, the significance of each color variable
Fig. 6. Representative rare roast beef specimens in commercially available polyethylene packa
fixture filter (middle), and covered by aluminum foil (dark control, right). Note that thefilterma
(L*, a*, b*) was determined. It was shown that L* increased gradually
over timewith little influence from the lightfilter as therewas no signif-
icant difference between sample brightness and corresponding controls
(Fig. S11.). On the other hand, a* remained consistently higher for fil-
tered samples compared to non-filtered samples, demonstrating in-
creased red color retention (Fig. 5.). It became clear that the a*
variable makes significant contributions to ΔE, providing a quantitative
explanation for the improved roast beef appearance as a function of
time. Similar to L*, no significant change in b* was observed between
the samples and controls with application of the light filter (Fig. S11.).
Therefore, improvements in total color change with application of the
light filtering technology occurred due to reduced change in a*, a mea-
sure which quantifies the vital element of redness in rare meats [33].
It is also determined that the filter offers greater consistency amongst
samples, and the unfiltered samples are more variable in the values
for color change (Fig. 5.).

3.4. Qualitative colorimetric changes in roast beef color

Qualitative investigations of color changes for roast beef specimens
confirm the quantitative data calculated with the D65 illuminant pa-
rameter (Fig. S9., S10., and S11.). However, the roast beef exposed in
the display case with the filter retained a redder color for a longer pe-
riod, compared to the non-filtered specimens (Fig. 6.).

4. Conclusion

Heightened concern over the impact ofwaste plastics in bothmarine
and terrestrial environment necessitates a means to reduce, reuse, and
add value to post- consumer plastics. Previous studies in our lab have
shown that post-consumer recycled (PCR) content affects themolecular
and physical properties of HDPE extruded films. This study sought to
elucidate the mechanism associated with differing light blocking capa-
bilities of polymers that contain post-consumer recycled materials. A
new technique involving a spectrometer and integrating sphere on a
translational stage was developed to discern scattering events within
the ultraviolet-visible spectrum. It was demonstrated that increasing
PCR content increases the apparent absorption and reflection properties
ges conditioned in an LED equipped display case without the fixture filter (left), with the
terial is solely applied to the lighting fixture. Imageswere captured using aD65 illuminant.

Image of Fig. 6
Image of Fig. 5
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across between 260 and 500 nm, hence identifying amixedmechanism.
The filters are shown to scatter in the UVB, UVA, and blue-visible re-
gions, reflect in the blue-visible, and absorb in the lower UVC region.
TEM and EDS analysis identified well-dispersed nanosized domains
(enriched with Al, Si, and O) with the introduction of PCR material. It
is likely that the interface of these domains with recycled content is re-
sponsible for the scattering behavior.

The efficacy of light reduction from the filters and its influence on
light induced degradation of delicatessen rare roast beef in retail display
conditions were quantified. Under filtered conditions, no distinguish-
able difference in roast beef color was observed (both quantitative col-
orimetric analysis and visual inspection) between the filtered light and
the no light control for up to 120 h of exposure time. In contrast, roast
beef specimens under non-filtered light reached the maximum color
change value of the filtered samples (ΔE ~3.7) ~100 h of exposure
time earlier. Retention of meat color was attributed to increased reflec-
tion and scattering of the light filter in the visible blue region
(445–480 nm), which inhibits metmyoglobin production. With the ap-
plication of the light filtering technology identified in this study, the
perceived quality and freshness of light sensitive delicatessen meats
such as rare roast beef can be maintained, extending customer accept-
ability and marketability.

The significance of this study is not limited to food preservation. The
new instrumentation designed to measure optical performance of light
filtering film can be broadly applied to many other materials. Further-
more, the sustainable filter technology has the potential to significantly
improve color retention of light sensitive foods, reducing overall food
waste and providing economic and environmental benefits to a popula-
tion where food insecurity is highly prevalent.
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