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ABSTRACT: We describe an in situ facile synthetic approach to prepare carbon
quantum dot (CQD) fluorescent markers (FMs) for polyethylene (PE) in the
presence of agglomerated silica nanoparticles (SiO2 NPs) under mild reaction
conditions. First SiO2 NPs, prepared by the Stöber method, were dispersed in toluene.
This dispersion was added to a PE solution in toluene. After heating (either in air or
under Ar) a fluorescent mixture was obtained. After drying, PE films were obtained by
compression molding, which showed strong blue fluorescence, attributed to CQDs.
SiO2 NPs loading values varied between 0.5 and 4 wt %. Subsequent to isolation, the
fluorescent CQDs were characterized by TEM, UV−vis, and fluorescence
spectroscopy. TEM imaging unveiled a lattice spacing value of 0.21 nm of the
isolated fluorescent particles which is typical for (100) graphite plane lattice spacing
in CQDs. UV spectroscopy and fluorescence measurements show characteristic
absorption and excitation spectra for the aromatic core and oxidized surface defects
typically observed for CQDs. The emission maximum for PE/CQD samples increased
from 394 to 408 nm when the reaction temperature was decreased from 110 to 90 °C, which is attributed to increasing oxygen
content in the reaction mixture upon decreasing the reaction temperature. When the reaction was performed under Ar, the PE/CQD
samples emitted in the ultraviolet region (286 nm). Finally, we demonstrated that PE samples marked with CQDs can be easily
visually identified upon irradiating with 367 nm light. Thus, the marked PE can be used, for example, as a labeling ingredient in
master batches for component identification and in recycling.
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■ INTRODUCTION

To decrease the environmental impact of plastic waste and
consumption of fossil resources employed in the production of
plastics, recycling plastic waste is an essential practice.
However, plastic sorting efficiency and component identi-
fication remain a technological challenge.1−3 To increase the
recycling rate for plastic waste, one needs to improve the
sorting accuracy and speed. To this end, adding fluorescent
markers (FMs) to enable high-efficiency sorting is one of the
most promising approaches.
Currently, there are three main approaches to plastic waste

management. These are landfilling, incineration, and chemical/
mechanical recycling.2 In general, plastic waste streams are
treated with other municipal waste streams for landfilling and
incineration. More than 80% of the waste plastic is disposed in
the landfill.2 Because of plastics’ usually high resistance to
degradation, it can take more than 50 years for a piece of
plastic to degrade after being buried.4,5 Degradation of
landfilled plastic waste can damage the environment by, for
example, releasing large amounts of greenhouse gases (CO2),
accelerating global warming, and forming microplastics/
nanoplastics that may eventually accumulate in humans.6,7

Besides these environmental concerns, landfilling is getting

increasingly expensive in highly populated areas, like in
Western Europe and in Southern China.8 Incineration is also
a standard method for plastic waste management.2 Its most
significant advantages are that upon incineration the waste
volume is reduced and, simultaneously, the heat of combustion
can be used for electricity generation. In 2015, ∼12% of the
global plastic waste was incinerated.9 However, the toxic gases
released by incineration pose a significant health and
environmental concern, especially when the incineration plants
are operated in densely populated areas.10 Furthermore, the
incineration of plastic waste is accompanied by a relatively high
CO2 emission. Incineration of 1 kg of plastic waste can release
up to 4.6 kg of CO2, which for 1 kg of municipal solid waste
(MSW) is only 1.2 kg.11 Typically, MSW contains ∼10−12%
of plastic. Thus, sorting plastic waste from MSW before
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incineration will substantially decrease greenhouse gas
emissions.10

Compared to landfilling and incineration, recycling is an
eco-friendlier way to deal with plastic waste.11−13 Recycling
plastic reduces the above-mentioned environmental issues and
decreases the required amount of fossil fuel to produce new
plastic by reducing the demand for virgin materials. It is widely
accepted that recycling plastics is an essential step toward
creating a circular economy.14 There are two main approaches
for recycling plastics, that is, by using chemical or mechanical
methods.3 Depending on the composition of the plastics to
recycle, each method has its strengths and weaknesses.1

The sorting of plastic waste typically consists of three steps.1

First, Fourier transform near-infrared (FTNR) spectroscopy
and a color recognition camera are used to presort various
plastic types from waste streams. The second step consists of
milling the plastic waste into small pieces and removing the
nonplastic residuals. The final step is to further sort the milled
plastics by type. Various techniques are in place for sorting
plastic waste streams, like sink/float separation,15 electrostatic
separation,16 air elutriation,17 froth flotation,18 and selective
degradation.19 Each of the above-mentioned techniques has its
strengths and weaknesses; for more details, the interested
reader is directed to ref 20.
The use of FMs, as an accurate and cost-effective approach

to identify and sort specific polymers from plastic waste
streams, has received considerable attention in recent
years.21−25 FMs can be incorporated in polymer matrices via
masterbatches, e.g., by extrusion or injection molding. They
can even be applied as a thin fluorescent coating onto the
finished plastic products or intermediates.26,27 For instance,
Massardier et al. reported the incorporation of 0.1 wt % of
lanthanide complex particles into a polypropylene (PP) matrix
under a high shear rate (N = 800 rpm) to prepare a fluorescent
polypropylene that is detectable with UV-ray fluorescence
spectrometry within 10 ms.23 Langhals et al. reported using
organic dyes, that is, perylene ester, perylene carboxylic
bisimide, and terylene carboxylic bisimide FMs, to identify
polymers by measuring the time constant of autofluorescence
decay values.25 They also demonstrated that the polymer type
(styrene−polyacrylonitrile copolymer, polyoxymethylene, or
polyamide) alters the fluorescence lifetime values of the
incorporated markers. This observation opened the path
toward using the difference in the time constant values of
the autofluorescence decay in sorting of different types of
plastics. Recently, Woidasky et al. reported adding oxide
crystals, doped with rare earth elements, as upconversion
inorganic FMs to the polymer matrix for marking and

identification.28 By utilizing the upconversion fluorescence of
the FMs, the authors were able to generate photoluminescence
(PL) in the visible light range upon near-IR (NIR) excitation
and, as such, eliminate the influence of background emission
from plastics and additives.
Despite promises, there are numerous open challenges when

considering the use of fluorescent particles/dyes at industrially
relevant scales. For instance, fluorescent particles/dyes usually
suffer from high cost, toxicity, and poor photostability.29−32

These drawbacks currently limit their use as FM-labeled
plastics on a large scale. Thus, if progress is to be made in this
area, additional efforts are needed. Keeping this in mind, we
decided to tackle the problem of loading PE by carbon
quantum dots (hereinafter CQDs) and explored facile reaction
routes to obtain fluorescent labeled PE.
CQDs are considered as a viable alternative for fluorescent

dyes and inorganic QDs because of their low toxicity, low cost,
good solubility, and high photostability.33 A variety of
techniques have been deployed to synthesize CQDs. These
methods can be classified into two categories, that is, top-down
and bottom-up approaches.34−36

The “top-down” method usually involves chemical, electro-
chemical, and physical approaches to break down large carbon-
based materials, i.e. carbon soot, carbon nanotubes, graphite,
etc.37,38 The “bottom-up” approach typically utilizes solvo-
thermal/hydrothermal carbonization, laser ablation, electro-
chemical oxidation, microwave irradiation, or pyrolysis to grow
CQDs from organic molecules.39 Many organic compounds
have been reported to be used to synthesize CQDs via the
bottom-up method, for instance, polybasic acid, glucose,
sucrose, glycol, glycerol, and chitosan.40−44 Among the
techniques used to synthesize CQDs, solvothermal/hydro-
thermal carbonization is considered one of the simplest, most
direct, and most efficient pathways.43 However, the compli-
cated chemical reactions, time-consuming purification, and
harsh synthesis conditions pose serious challenges for large-
scale applications.36,45

In this paper we introduce a facile “bottom-up” route that
uses silica nanoparticles (SiO2 NPs) as enablers to fabricate
fluorescent CQDs from polyethylene (PE). The reaction
scheme is captured in Figure 1. One of the most beneficial
features of this route is that, upon removal of the solvent, the
CQD, silica, and PE mixture is present in a concentrated FM
blend, which can be used as a masterbatch to add to (virgin)
PE. Hence, extensive and costly CQD collection and
purification are not required. This opens new avenues to the
widespread applicability of CQDs as FM for plastic waste

Figure 1. Schematic of CQD formation through thermal PE degradation inside the cavities/pores of silica nanoparticle aggregates. The method
does not require extensive particle purification; upon removing the solvent, the particles are readily used as FMs in PE.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.1c00821
ACS Appl. Polym. Mater. 2021, 3, 5517−5526

5518

https://pubs.acs.org/doi/10.1021/acsapm.1c00821?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00821?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00821?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00821?fig=fig1&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c00821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


recycling, which we will demonstrate in the last part of this
contribution.

■ MATERIALS AND METHODS
Materials. Tetraethyl orthosilicate (TEOS, ≥99.0%), toluene

(99.5%), and 2-propanol (99.5%) were purchased from Aldrich
(Milwaukee, WI). Ammonium hydroxide solution (28−30%),
triethylamine (TEA, 99.5%), and PE (medium density, MQ 200)
were purchased from Sigma-Aldrich (St. Louis, MO). Ethanol (EtOH,
absolute) for analysis was purchased from Merck (Darmstadt,
Germany). Milli-Q water was produced by a Millipore Synergy
system (Billerica, MA). Unless otherwise mentioned, all chemicals
were used as received.
Sto ̈ber Synthesis of Silica Nanoparticles. SiO2 NPs with a

diameter of ∼110 nm were prepared by the Stöber method.46 In a
typical reaction, 168 mL of EtOH was mixed with 28 mL of Milli-Q
water and 30 mL of TEOS in the presence of 2 mL of ammonium
hydroxide in a round-bottom flask by stirring for 1.5 h at 500 rpm at
room temperature. Subsequently, the SiO2 NP dispersion was
centrifuged at 10000 rpm for 30 min. Then, the collected SiO2 NPs
were redispersed in 2-propanol and centrifuged again. This washing
step was repeated twice, followed by vacuum drying of the purified
and collected SiO2 NPs at room temperature for 12 h.
Silica Nanoparticle Characterization. A high-resolution scan-

ning electron microscope (HR-TEM) (JEOL Field Emission JSM-
7610F Plus, JEOL Benelux, Nieuw-Vennep, The Netherlands) was
used to study the morphology of the SiO2 NPs particles. The electron
acceleration voltage was typically between 3 and 5 keV. Fourier
transform infrared (FTIR) spectra were collected by a Bruker ALPHA
single attenuated total reflection (ATR) FTIR spectrometer equipped
with an ATR single reflection crystal (Bruker Optic GmbH, Ettlingen,
Germany). The spectra were collected in the range 400−4000 cm−1

(spectral resolution of 4 cm−1, 1280 scans). Background spectra were
recorded against air. The as-prepared SiO2 NPs were dispersed in
water and toluene at a concentration of 2.5 wt % via intense
sonication over 30 min. The hydrodynamic radius values of the
particles in water and toluene were measured by dynamic light
scattering (DLS) (Malvern Zetasizer Nano-ZS, Malvern Instruments,
Malvern, UK).
Synthesis of Fluorescent Polyethylene Silica Nanocompo-

sites in Air.We used two pathways to obtain FM containing PE, that
is, in air and under an Ar atmosphere. First, we describe the
preparative steps in air. We started with 0.4 g of 110 nm SiO2 NPs,
which were suspended in 10 mL of toluene in a round-bottom flask
and exposed to 30 min intense sonication, followed by heating the
suspension formed under vigorous stirring to 110 °C by immersing
the flask in a thermostated oil bath. Simultaneously, 9.6 g of PE was
dissolved in 30 mL of toluene by employing vigorous stirring in a
round-bottom flask, which was immersed in a thermostated oil bath at
90 °C. Subsequently, the PE/toluene mixture was transferred to a
reflux setup, followed by adding the SiO2 NPs to the toluene
suspension. After addition of the SiO2 NPs suspension, the reaction
mixture was refluxed at 110 °C for 24 h. Finally, the excess toluene
was removed by drying the reaction mixture under a gentle nitrogen
flow for 5 h. The PE/SiO2 was dried to constant weight by vacuum
drying at 40 °C for 24 h. This resulted in a PE/SiO2 composite with a
SiO2 NP loading of 4 wt %. This composite is abbreviated as 4-PE/
SiO2. The same procedure was followed to produce 1.0 and 2.5 wt %
PE/SiO2 (1-PE/SiO2 and 2.5-PE/SiO2), in which 0.1 and 0.25 g of
SiO2 NPs and 9.9 and 9.75 g of PE were used, respectively. The
amount of toluene used was not changed. Additionally, 4-PE/SiO2
composites were prepared at 90 and 100 °C as well. (Unless otherwise
mentioned, we refer to PE/SiO2 prepared at 110 °C in the main text.)
The pure PE sample was prepared by refluxing in toluene at 110 °C
for 24 h and dried by using same procedure mentioned before as the
control group.
Fluorescent Polyethylene Silica Nanocomposite Synthesis

under Argon (Ar). To test the influence of air on the reaction and
on the reaction products, for comparison, synthesis was also

performed in Ar atmosphere. For this process 0.04 g of 110 nm
SiO2 NPs and 0.96 g of PE were dried in a vacuum oven at 40 °C for
48 h, and then the mixture was transferred into a 50 mL Schlenk tube
with a magnetic stirring bar under a nitrogen environment (in a
glovebox). Four milliliters of anhydrous toluene was added to the
Schlenk tube. The Schlenk tube was sealed with a Teflon cap before it
was removed from the glovebox. Next, the Schlenk tube was
connected to a Schlenk line and flushed with Ar for10 min.
Subsequently, the Schlenk tube was heated under vigorous stirring
by a thermostated oil bath at 90 °C. After the PE was fully dissolved
in the toluene, the Schlenk tube was disconnected from the Schlenk
line and removed from the oil bath, followed by 15 min sonication in
90 °C water. After sonication, the Schlenk tube was reconnected to
the Schlenk line under Ar and immersed into a thermostated oil bath
at 110 °C. The reaction was allowed to proceed under Ar with
vigorous stirring for 24 h. Next, the reaction mixture was extracted
from the Schlenk tube and cooled in an ice bath, followed by drying
under a gentle nitrogen flow for 5 h to remove the excess toluene.
Finally, the PE/SiO2 mixture was dried to constant weight by vacuum
drying at 40 °C for 24 h.

Film Preparation. A hot press (Fontijne, The Netherlands) was
used to press 200 μm thick PE/SiO2 films in a stainless-steel mold (4
× 3 cm2). The processing temperature, applied load, and press time
were 110 °C, 200 kN, and 5 min, respectively.

Thin Film Characterization. An inverted Olympus IX71
fluorescence microscope equipped with an IX2-RFAC reflector turret
filter cube (Olympus, Germany) and a PerkinElmer LS 55
fluorescence spectrometer (PerkinElmer, Waltham, MA) were used
to study the optical properties of the PE/SiO2 films. The filter cubes’
excitation and emission cutoffs were 360−370 and 460 nm,
respectively. The emission spectra were recorded by a fluorescence
spectrometer with an excitation wavelength of 340, 360, and 380 nm.
In addition, scanning electron microscopy (SEM) was performed by a
JEOL Field Emission JSM-7610F Plus instrument (JEOL Benelux,
Nieuw-Vennep, The Netherlands) to study the cross section of the
PE/SiO2 thin films. Before analysis, the thin films were freeze-
fractured after cooling in liquid nitrogen for 15 min.

Carbon Quantum Dot Extraction. One gram of 4-PE/SiO2 was
dissolved in 10 mL of toluene thermostated at 90 °C in an oil bath.
Following the complete dissolution of the 4-PE/SiO2, the mixture was
quenched into liquid nitrogen and left to cool to below ambient
temperature for 15 min to avoid PE crystallization. Subsequently, the
excess liquid nitrogen was removed, and the sample was left on the
bench to heat slowly to room temperature. Next, the supernatant was
filtered with a 200 nm pore size glass filter (Merck Millipore, USA) to
remove the suspended agglomerated SiO2 NPs, followed by collecting
the CQDs by solvent removal of the filtrate via evaporation under a
gentle nitrogen flow, which left a yellowish paste as residue for
analysis.

Carbon Quantum Dot Characterization. Transmission elec-
tron microscopy (TEM) was performed by a FEI/Philips CM300
system (FEI, Eindhoven, The Netherlands). Diluted CQD dispersions
in toluene were deposited on the carbon side of a carbon/copper grid
(HC200-Cu) (EMS, Germany) before imaging. Images were obtained
in the bright-field mode at a 300 kV acceleration voltage. Ultraviolet−
visible (UV−vis) spectroscopy was performed by a LAMBDA 850
UV−vis spectrometer (PerkinElmer, Waltham, MA). The CQDs were
dispersed in toluene via 10 min intense sonication. The CQD
suspension was measured against pure toluene. The excitation and
emission spectra were recorded by a PerkinElmer LS 55 fluorescence
spectrometer (PerkinElmer, Waltham, MA) with an emission
wavelength of 384 nm and excitation wavelengths of 286 and 340 nm.

Solution Blending. Twenty milligrams of CQDs (extracted) was
solution blended with 180 mg of PE in 5 mL of toluene under
vigorous stirring in a round-bottom flask while thermostated in an oil
bath at 80 °C. After 30 min, the excess toluene was removed by drying
the reaction mixture under a gentle nitrogen flow for 5 h. The PE/
SiO2 composite was dried to constant weight by vacuum drying at 40
°C for 24 h. The same procedure was used to blend 20 mg of 114 h
thermally treated PE/SiO2 (nonextracted) with 180 mg of PE. The as-
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prepared nanocomposites were pressed to films (see section Film
Preparation) and cut to different shapes before being observed under
daylight and a 360 nm light source to identify the respective PE
samples.

■ RESULTS AND DISCUSSION
SiO2 NP Synthesis and Characterization. First, we

employed a modified Stöber procedure to synthesize SiO2
NPs.46 Figures 2a and 2b show a SEM image and the size
distribution of the SiO2 NPs, respectively. The nearly spherical
SiO2 NPs have an average particle size of 114 ± 11 nm, and
most of the particles have a diameter between 100 and 130 nm.
Figure 2c shows a single reflection ATR-FTIR absorbance
spectrum of the SiO2 NPs. In the FTIR spectrum, the SiO2
signature absorption bands ascribed to the asymmetric
vibration of Si−O, the asymmetric vibration of Si−OH, and
the symmetric vibration of Si−O are clearly observed at 1063,
940, and 803 cm−1, respectively. The broad absorption band
with a maximum at 3431 cm−1 and the small peak located at
1635 cm−1 are ascribed to O−H stretching absorbances by Si−
OH bonds and to physically absorbed water.47 The small
absorption bands located at 2980 and 1452 cm−1 indicate the
presence of CH2/CH3, which is attributed to residual ethoxy
moieties.47

PE/SiO2 Composites and Fluorescence Microscopy. In
Figure 3, fluorescent microscope images (λex 360−370 nm and

λem > 460 nm) of 2.5-PE/SiO2 thin films obtained by
employing varying reaction times up to 72 h are shown. From
this figure, it is clear that upon increasing the reaction time the
observed fluorescence emission intensity increases (see also
later). Additionally, for separate PE/toluene and SiO2/toluene
samples heated for 24 h in air at 110 °C, no fluorescence was
observed. Thus, we conclude that the combination of SiO2
NPs and PE together is required for the reaction that results in
fluorescent material. In the following sections, we will first
confirm that CQDs are formed and explain the role of the SiO2
NPs in the reaction. In the last part of this work, we show that

modest shifts in the emission wavelengths are obtained upon
changing the reaction conditions (from air to Ar).

Origin of the Observed Fluorescence: CQD Isolation
and Characterization. During preparation, as mentioned,
liquid nitrogen quenching of the toluene solution containing
2.5-PE/SiO2 and CQDs was used to suppress PE crystal-
lization and leave the particles (SiO2 NPs and CQDs) in the
toluene phase. Following the removal of the residual PE and
subsequently the SiO2 NPs by filtration, the residual toluene
fraction was dried to isolate the fluorophores. Subsequently,
small quantities of a yellowish paste were formed at the bottom
of the container. This paste was used to prepare samples for
HR-TEM analysis. Figure 4a shows an HR-TEM image of the

residual paste, revealing crystalline nanoparticles (dark, circular
objects). The arrows in Figure 4a point at single fluorophores.
From zoomed-in images (such as shown in the top right inset)
and following a fast Fourier transform (FFT) analysis of the
TEM intensities (bottom right inset), a lattice spacing of 2.1 Å
for the nanoparticles was determined. This value agrees well
with the (100) plane graphite lattice spacing typically observed
for CQDs.48−51 While we expected clear TEM images of the
CQDs, the particle edges appear slightly blurred. We attribute
this to the presence of residual polymer that the isolation
process did not remove, combined with curvature effects. The

Figure 2. (a) SEM image and (b) size distribution of SiO2 NPs used in this work. (c) Single reflection ATR-FTIR absorbance spectrum of the as-
prepared SiO2 NPs.

Figure 3. Fluorescent microscopy images of 2.5-PE/SiO2 thin films
prepared as a function of the reaction time up to 72 h in air.

Figure 4. (a) HR-TEM image, (b) single reflection ATR-FTIR
absorbance spectrum, and (c) AFM image. (d) Normalized UV−vis
absorption (blue), excitation (λem = 386 nm) (red), and emission
spectra (λem = 286 nm (orange) and 340 nm (green)) of the isolated
CQDs and the polymeric residue suspended in toluene.
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residual polymer promoted particle agglomeration during
TEM sample preparation. The average diameter for the
CQDs was 2.3 ± 0.5 nm, which agrees with the particle
height measured by AFM (2.2 ± 0.7 nm, see Figure 4c).
The residual polymer present and the fact that the samples

for TEM imaging were retrieved as a yellowish paste point
toward the presence of degraded polymer that remained in the
toluene during liquid nitrogen quenching and was not removed
by filtration and drying. Figure 4b shows an FTIR spectrum of
the yellowish paste obtained. The spectrum has all the
representative peaks of PE with additional peaks located at
1712 and 1736 cm−1 corresponding to absorbances of CO
from carboxylic acids and aldehyde, respectively.52 Those
peaks typically indicate thermooxidative degradation of PE.53

There is also a noticeable small peak located at 1660 cm−1,
indicating that CC bonds were also formed.54 We note that
as described in the literature, oxidation of PE is required for
the formation of CQDs.45 The sharp peak (289 nm) and the
small shoulder (330−340 nm) from the UV−vis spectrum of
the CQD suspension (Figure 4d) are ascribed to the π−π*
transition of aromatic ring structures (CC) and the n−π*
transition of the oxidized groups (CO), respectively.55,56

The presence of CC (π−π* transition) and CO (n−π*
transition) absorbance in the UV−vis spectrum are in
agreement with the structures observed in the FTIR spectrum,
shown in Figure 4b. The normalized excitation spectrum
exhibits a peak and shoulder combination that is similar to the
UV−vis spectrum. The excitation at 286 and 330−340 nm
corresponds to the CQD core (aromatic ring structure) and
surface defects (CO containing groups).57 The emission
bands located at 337 and 383 nm are ascribed to the surface
defects of CQDs. It is worth noting that when excited at 286
nm, the emission spectrum shows a small shoulder around 320
nm. This small shoulder is attributed to the photon emitted
directly from the CQD cores without being trapped by surface
defects.58

The absence of fluorescent and degradation products of PE
heated without dispersed SiO2 NPs confirms that the SiO2 NPs
play a role in forming the fluorescent CQDs. Therefore, to
better understand the mechanism behind CQDs’ formation
during thermal treatment, one must first understand the role
that the SiO2 NPs play in the reaction, which we elucidate in
the following section.
Role of SiO2NPs in CQD Formation in Heated PE/SiO2

Solutions. DLS was used to investigate the dispersion of the
SiO2 NPs in toluene. Additionally, the morphology of SiO2 was
observed by SEM in the PE matrix at room temperature. For
DLS, the hydrodynamic radius of SiO2NPs in water was also
determined. Figures 5a and 5b show the hydrodynamic particle
size of SiO2 NPs suspended in water and in toluene,
respectively.
The range of hydrodynamic particle diameter values of the

SiO2 NPs in water is around 110 ± 3 nm, which agrees with
the determined dry particle size by SEM (Figure 2b). This
confirms that after drying the SiO2 NPs did not irreversibly
aggregate. The hydrodynamic particle diameter values of the
SiO2 NPs in toluene, however, varied in the range of 750 ± 45
nm, which is nearly 7 times larger than the primary particle
size, indicating severe particle agglomeration in toluene. Figure
6 shows SEM images of the cross sections of 1-, 2.5-, and 4-
PE/SiO2 films prepared after only 10 min of reaction time
from the respective SiO2 PE solutions. Figure 6 shows that
almost all SiO2 NPs are present as part of large agglomerates

(with sizes exceeding 1 μm) in 1- and 2.5-PE/SiO2 films, while
in the 4-PE/SiO2 thin film, the observed SiO2 NPs formed a
large number of smaller agglomerates with a diameter in the
submicrometer range. On the basis of these results, we
conclude that the SiO2 NPs agglomerated during the thermal
treatment process. Like in mesoporous SiO2 particles
(aerogels), the silica agglomerates in the PE/toluene mixture
have an open porous structure. According to the literature,
these pores may act as nanometric size reactors that prolong
the lifetime of radicals produced from the thermal degradation
of polyolefins.59 These long-lived radicals confined in the pores
have more chance to react with other PE molecules,
accelerating the thermal degradation of PE. The confinement
effect on the kinetics of enzymatic reactions has been shown
earlier by us and presumably can be extended to the radical
activities of degraded PE.60 Typically, the thermal degradation
rate for PE is low at 110 °C.61 When these nanometric-sized
reactors are present, we increased the PE degradation reaction
rate at lower temperatures and prepared CQDs from the
degradation products within few hours.
Heat is a known physical factor that triggers the formation of

macroradicals when accompanied by oxygen:62

RH O RHO R HO2 2 2+ → [ ] → * + *
Δ

RH represents the monomer units of PE (CH2). Typically, the
free radicals in solution at elevated temperature have a very
short half-life time, in the range of 10−9 to 10−6 s. However, the
pores/cavities accessible from the surface of SiO2 NP
agglomerates can act as nanometer-sized reaction vessels that
prolong the half-life of free radicals and therefore accelerate the
degradation of PE.59 Consequently, the HO2* radicals formed
in the nanocavities remain active for a longer time and have a
higher chance of reacting with RH units to produce more R*
radicals. Subsequently, the free radicals R* react with adjacent
RH units to form vinyl groups resulting in chain scission and
the formation of CC bonds:

C H CH CH CH CH C H2 2 2 2∼ * − − ∼ → ∼ + * ∼

This mechanism is supported by the appearance of the
observed CC absorbance band at 1660 cm−1 in the FTIR
spectrum (Figure 4b), indicating the presence of vinyl groups
in CQDs and in the polymer residue.63 During CQD
formation, the initially degraded polymer forms CC/C−C
frameworks inside the porous agglomerated SiO2 NPs during
the thermal degradation/oxidation, thereby acting as skel-
etons/nucleus. As degradation progresses, these nuclei grow to
nanometer-sized CQDs.64

Free radicals R* can also undergo oxidation with oxygen to
form peroxide radicals (RO2*), followed by reacting with

Figure 5. Hydrodynamic particle size of SiO2 NPs dispersed in (a)
water and (b) toluene.
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neighboring monomer units to form hydroperoxides
(ROOH):62

R O RO

RO RH ROOH R ROH RO
2 2

2

* + → *

* + → + * → + *

The presence of carboxylic acid (ROOH) and aldehyde
(ROH) moieties formed by the thermal oxidation is also
supported by the observed sharp peaks (CO) located at
1712 and 1736 cm−1 in the FTIR spectrum (Figure 3),
respectively. The formation of CO can occur either on the
CQDs, resulting in the presence of impurities and surface
defects in the CQDs, or on the polymer chains, resulting in the
formation of carbonyl groups. As it was not among the
objectives of the scope of this study, we cannot confirm
whether the CQDs do or do not have these defects. This
requires more extensive purification and characterization of the
CQDs.
Effect of SiO2 NPs Concentration of Fluorescent

Intensity of PE/SiO2 Thin Films. To further investigate the
influence of SiO2 NPs on the fluorescent properties, PE/SiO2
composites with particle concentrations of 1, 2.5, and 4 wt %
were prepared with up to 24 h of thermal treatment at 110 °C
in air. The as-prepared composites were processed into thin
films and measured with a fluorescent microscope. Figure 7
shows the gray values of the fluorescence of 1-, 2.5-, and 4-PE/
SiO2 against reaction time. We note that the PE/SiO2/toluene
mixture needed the first 10 min to homogenize due to its high
viscosity. As a consequence, 10 min is the first experimentally
available reaction time for taking aliquots for further study.
Furthermore, we note that the differences in baseline gray

value intensities of the PE films with different SiO2 NP loading
(resulting from the differences in particle loading) lead to
changes in the refraction of the excitation/emission light
beams.
Interestingly, there is no significant change in the measured

fluorescent intensity during the first few hours of the reaction
for 1- and 2.5-PE/SiO2. However, the fluorescent intensity
gradually increases for the 4-PE/SiO2 film right after the start
of the reaction. In fact, for 1-PE/SiO2 films, even after 24 h of
thermal treatment, there is no noticeable change in the
fluorescence intensity. However, the fluorescent intensity
increased significantly for 2.5-PE/SiO2 films after 8 h of
thermal treatment.
This remarkable difference is explained by the relatively high

concentration of SiO2 agglomerates present in 4-PE/SiO2
(Figure 6c). The increased amount of smaller SiO2
agglomerates results in an increased specific contact area
between the SiO2 NPs and PE chains. Consequently, the
relative number of accessible nanocavities to accelerate the
CQD formation increases. For 1- and 2.5-PE/SiO2, the
relatively low particle surface area available for promoting
the CQD formation results in a reduced rate of CQD
formation. The observed dependence of CQD formation on
the concentration and size of SiO2 agglomerates confirms that
the SiO2 agglomerates play a crucial role in forming CQDs at
relatively low temperatures and that their exploitation as an
enabling platform in the facile synthesis of CQD-based FM is
of interest for further exploration. For spectral engineering, we
eventually need to be able to tune the emission wavelengths of
the CQDs by varying the size of the emitters. The following
sections show the first attempts to control the emission
wavelengths of the CQDs and a proof of concept showing their
potential as FMs in polymers to aid in sorting.

Fluorescent Spectra of PE/SiO2 Thin Films and the
Influence of the Reaction Temperature. In a first attempt
to show the potential utilization of the CQDs as FMs, we
examined their emission spectra as a function of particle
concentration and reaction time upon excitation with 360 and
380 nm light, respectively. Figures 8a and 8b show the
fluorescent emission spectra of 2.5- and 4-PE/SiO2 thin films
with an excitation wavelength of 360 and 380 nm, respectively.
The observed fluorescent emission maxima for the PE/SiO2

samples fall into the blue emission range (380−500 nm),
which is typically the result of the radiative recombination of
e−h pairs in the sp2 cluster and surface defects of CQDs.65 A
clear red-shift of a few nanometers in the fluorescent emission
is observed in the fluorescent spectra by increasing the

Figure 6. SEM images of cross-sectioned (a) 1-PE/SiO2, (b) 2.5-PE/SiO2, and (c) 4-PE/SiO2 thin films after 10 min of thermal treatment. The red
circles indicate SiO2 NP agglomerates.

Figure 7. Gray value intensity of as-prepared 1-PE/SiO2, 2.5-PE/
SiO2, and 4-PE/SiO2 films as a function of the reaction time. The
reaction was performed at 110 °C in air.
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excitation wavelength from 340 to 380 nm. Although the exact
mechanism for CQDs fluorescent emission is still under
debate, it is generally agreed that the CQDs’ size and surface
status significantly influence the fluorescent properties of
CQDs.66 We consider that the excitation-dependent fluo-
rescence behavior of our thin films is a combination of CQDs
size dispersity, impurities, and surface defects.67 Furthermore, a
modest red-shift was also observed in the fluorescent emission
spectrum when the reaction time increased from 20 to 24 h.
The observed red-shift can be tentatively explained by the
longer time available for the CQDs to grow, resulting in larger
CQDs that typically have a red-shift in their emission
spectrum.43

Figure 8c shows normalized fluorescent emission spectra of
4-PE/SiO2 samples fabricated at different temperatures. One
can observe in Figure 8c that upon increasing the reaction
temperature from 90 to 110 °C for the 4-PE/SiO2 mixture the
emission peak shifts from 408 to 394 nm upon excitation with
340 nm light. It is known that upon increasing the reaction
temperature the oxygen solubility decreases.68 Therefore, it is
reasonable to assume that upon increasing the reaction
temperature from 90 to 110 °C fewer oxygen molecules
were present in the reaction mixture, which reduced the
chance for free radicals to be involved in oxidation reactions
and the formation of CO species. This could decrease the
number of surface traps and impurities (CO) present in the
formed CQDs leading to less energy loss for the fluorescent
emission, resulting in higher emission energy for the CQDs
prepared at higher temperatures.69

To further elucidate the role oxygen during the CQD
synthesis, the reaction was performed in an Ar atmosphere for
4-PE/SiO2 mixtures at 110 °C. The corresponding fluorescent
excitation and emission spectra of the 4-PE/SiO2 samples are
shown in Figure 9. The maximum excitations for 4-PE/SiO2
synthesized in air and Ar are located at 240 and 260 nm,
respectively. These excitation peaks are ascribed to the photon
absorption of CC (aromatic structure) in the CQD core.70

The corresponding emission centers are located at 350 and
285 nm.57 The blue-shift in emission wavelength upon
substituting air with Ar is ascribed to the reduced presence
of surface defects (surface oxidation) of the CQDs when
prepared without the presence of oxygen. This means that the

photons are directly emitted from the aromatic ring structure
(CC) upon excitation and that without the presence of
surface defects to trap these photons they can maintain a
higher energy level, therefore emitting at a shorter wave-
length.58

Overall, these results demonstrate that with minor
modifications to the reaction conditions changes in the CQD
emissions are accessible, rendering our system a valuable
designer platform for the controlled synthesis of PE-based FMs
at mild reaction conditions.

Solution Blending CQDs and PE/SiO2 with Pure PE.
We used solution blending to prepare CQD containing PE
films to demonstrate the applicability of the CQD as
fluorescent markers in virgin polymers. As-prepared CQD 4-
PE/SiO2 (114 h reaction at 110 °C in air) and isolated CQDs
(extracted from 4-PE/SiO2 after 24 h reaction in air) were
used as tracer batches to prepare PE films with a tracer loading
of 10 wt % (meaning the actual CQD concentration is
unknown). Following compression molding, film samples were
cut to easily recognizable shapes, i.e., circles and triangles,
respectively. In addition, pristine PE films were prepared and

Figure 8. Fluorescent emission spectra of (a) 2.5-PE/SiO2 and (b) 4-PE/SiO2 thin films prepared in air with 20 h (dashed lines) and 24 h (solid
lines) reaction times upon excitation with 340, 360, and 380 nm wavelengths. (c) Fluorescent emission spectra of thin films of 4-PE/SiO2 upon
excitation with 340 nm light, fabricated at reaction temperatures of 90, 100, and 110 °C for 24 h in air.

Figure 9. Fluorescent excitation and emission spectra of 4-PE/SiO2
thin films prepared with 24 h reaction time in air (solid line) and Ar
(dashed line) atmosphere.
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cut to rectangular shapes for comparison. Five pieces were
placed together from each PE film type, and photos were taken
in daylight (Figure 10a) and upon excitation with 360 nm light
(Figure 10b).

In Figure 10a (photo taken in daylight), all pieces are visible
and their shape is clearly identifiable. Upon excitation with 367
nm light, only the CQD-loaded pieces are visible by their
emission in the blue range. The color difference (not intensity)
between triangular (darker blue) and circular (lighter blue)
pieces under 367 nm excitation is due to differences in thermal
treatment time, resulting in the presence of larger CQDs in the
circular PE films, as discussed earlier. The observed modest
red-shift is in agreement with this observation.43 Also, from
this simple visual experiment, we learn that the embedded SiO2
NPs do not affect the PE samples’ detectability. Overall, we
conclude that the simple preparation method at mild reaction
conditions of CQD FMs in SiO2/PE mixtures described here is
a promising approach for fluorescence marking. Further in-
depth exploration to enhance the CQD traceability is needed
and is underway to explain details of the fluorescence. In
addition, upon expanding the variations and control of
emission wavelengths, our simple preparation method without
requiring extensive purification methods opens a broad range
of novel applications, e.g., counterfeiting, sorting, tracing, etc.

■ CONCLUSIONS
PE containing CQDs markers with tunable fluorescence was
prepared by a facile thermal approach operated at mild
conditions. For the reaction employed, solvent-induced SiO2
NP aggregation provided surface-exposed nanocavities that
were assumed to function as nanoreactors, enabling CQDs to
form at relatively low reaction temperatures. TEM imaging of
isolated CQD particles, UV spectroscopy, and fluorescent
measurements confirmed the successful preparation of CQDs.
The emission maximum for PE/CQD samples was tunable
between 394 and 408 nm by decreasing the reaction
temperature from 110 to 90 °C. PE/CQD samples prepared
in the absence of oxygen only emitted in the ultraviolet region
(286 nm). Finally, we successfully exploited CQDs with a
different emission maximum as FMs in PE compression
molded films. Upon irradiating with 367 nm light, the different
PE samples were readily visually identified.
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