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ARTICLE INFO ABSTRACT

Keywords: Billion tons of post-consumer Tetra Pak cartons are discarded annually as land and ocean wastes, creating sig-
Tetra l?ak nificant environmental problems and resource losses. Recycling of the carton wastes is hindered by its multi-
Recycling material compositions and low values of the recycled products. In this study, a novel upcycling of the cartons
Levoglucosenone . . s y . .

Furfural was investigated. A post-consumer carton consisting of paper, polyolefin, and polyamide was directly converted
Caprolactam in 210-230 °C tetrahydrofuran containing 10-20 mM acid to produce up to 19.2% of levoglucosenone and 8.6%
Polyethylene of furfural by selectively decomposing paper fraction. The remaining solids containing mostly intact poly-

ethylene and polyamide but also a smaller fraction of paper-derived char were separated using a solvent-
dissolution method. The xylene-soluble fraction was a recycled polymer similar to the original polyethylene,
which was verified by its functional groups, the composition of the pyrolysis products, and the melt rheology
results. The xylene-insoluble fraction was a mixture of polyamide and paper-derived char. Upon pyrolysis,
caprolactam was produced as the only major vapor product. The remaining, thermally stable paper-derived char
could be used as a high-quality solid fuel. Overall, the demonstrated recycling method could potentially maxi-
mize the values of the products recovered from carton wastes.

1. Introduction

Increasing human activities over the past several decades created
enormous amounts of end-of-life materials requiring disposal. Most of
them are currently sent to landfills or end up as land/ocean wastes,
which cause numerous environmental problems and human health is-
sues (Ayiania et al., 2019; Jambeck et al., 2015; Dimitris S. et al., 2012).
While recycling is the most promising way to reduce the problems
caused by improper disposal of wastes, the lack of efficient recycling
technology greatly hinders the motivation for waste recycling (Polpra-
sert, 2007). Compared to single material-made wastes, composite wastes
are much more challenging to recycle either mechanically or chemically
due to the inconsistency in the chemical composition and material
properties (Yang et al., 2012). Tetra Pak cartons are such an example;
ever since it was introduced in the market in 1952, Tetra Pak quickly
became one of the most popular packaging materials for storing foods
and beverages (Zawadiak, 2017). Tetra Pak cartons are multilayer
laminated composites. While they are usually made of 75% paper, 20%
low density polyethylene (PE), and 5% aluminum, aluminum can be
absent in the cartons used in short-term storage products, such as
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refrigerated milk, juice, cream, egg substitutes, soy and grain milk
(Zawadiak et al., 2017; Carton Facts). Polymers other than PE are also
added to cartons to meet specific product requirements. For example,
adding a polyamide (PA) layer in cartons can prevent flavor loss and
eliminate odor (Kamal et al., 1984). Currently, more than 190 billion
carton packages are used worldwide annually, among which only 26%
of post-consumer cartons (PCC) are recycled by the carton manufac-
turer, and the rest are sent to landfill or burned (Tetra Pak International,
2020). The billion tons of discarded PCC are not only the source of
environmental pollutions but also an abandoned resource. Thus, recy-
cling PCC to reclaim its value is important in terms of environmental
protection and resource recovery. PCC recycling is hindered due to its
multi-material compositions and the economy of the process (Krauklis
et al., 2021; Delvere et al., 2019; Henshaw et al., 1996). So far, both
mechanical and chemical recycling methods of PCC were explored
(Martinez-Barrera et al., 2019). For mechanical recycling, hydropulping
of PCC in modified paper mills has been performed (Robertson, 2021).
The paper fraction in PCC was removed by continuous agitation in
water, leaving PE/Aluminum layers containing up to 5% residue paper
fibre (Zawadiak et al., 2017). The recovered cellulosic fibers are usually
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used for producing tissue, paper towel, fine writing paper, and other
consumer products. Previously, the paper fraction in PCC was acid hy-
drolyzed to produce nanocrystalline cellulose (Xing et al., 2018). The
recycled cellulose was also used in composite applications as a biobased
filler (Platnieks et al., 2020). PE/aluminum product was combusted or
pyrolyzed for heat and energy products during which aluminum could
be recovered (European Commission; Korkmaz et al., 2009). The PE/
aluminum layers were also hot-pressed for obtaining composite products
(Lopes & Felisberti, 2006; Popelka et al., 2016). However, the recycled
material was difficult to market due to the high energy consumption
and/or poor product quality. To improve the quality of the recycled
materials, solvent-based dissolution methods were applied to the
hydropulped PCC to extract relatively pure PE and separate aluminum
(Kaiser et al., 2017; Zhao et al., 2018; Achilias et al., 2007; Achilias
et al., 2009). Nevertheless, recycling Tetra Pak cartons by this two-step
mechanical method was reported to be costly and less likely profitable;
although it is possible to recover high-quality precipitated polymer
using solvent-based dissolution, all insoluble components remain as
invaluable residues (Kaiser et al., 2017). Pyrolysis is a method to
chemically recycle PCC. In a previous study, PCC was pyrolyzed under
an inert environment with temperatures up to 600 °C to produce
aqueous liquid and wax (Korkmaz et al., 2009). The wax mainly derived
from the PE fraction contained paraffin, aromatics, and olefins. On the
other hand, the aqueous phase containing phenols was derived from the
paper fraction. Since the pyrolysis oil of PCC is an intermediate product
with high oxygen content, catalytic pyrolysis was also performed using
acid catalysts to deoxygenate vapors to produce aromatic hydrocarbon
mixtures (Siddiqui et al., 2020). The applications of the pyrolysis char as
an absorbent or soil amendment were also investigated (Raclavska et al.,
2018). Instead of pyrolysis, PCC was also hydrothermally treated to
produce hydrochar as a solid fuel (Baskoro Lokahita et al., 2017).
Overall, most of the prior approaches either downcycled PCC to lower-
value products using high energy inputs or partially utilizing PCC.
Especially, recycling PCC for energy products is less attractive since the
major fraction of PCC is paper, which has a low heating value.
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Upcycling PCC for higher-value products can be a promising way to
improve economic feasibility and promote recycling activities. Ideally,
multiple products are developed from PCC based on the chemical
compositions and/or the material properties of the PCC constituents for
the maximized product values. While paper, which accounts for 75-80%
of PCC, is made of cellulose, cellulose is an excellent feedstock for pro-
ducing biobased chemicals (A et al., 2020; He et al., 2017; Cao et al.,
2015). Thus, PCC can be a low-cost feedstock for high-valued chemicals
if a proper recycling method is developed. In this study, we explored a
novel integrated upcycling approach to produce both chemicals and
polymers from PCC. The PCC used in this study does not contain
aluminum, but it was made of paper, PE, and PA. The PCC was first
pretreated with tetrahydrofuran (THF) to selectively convert its paper
fraction into biobased chemicals, namely levoglucosenone (LGO) and
furfural. The remaining solids consisting of PE, PA, and the paper-
derived char were further processed by a solvent-dissolution method
to recover a polymer whose properties are similar to the original PE.
Additionally, the PE-recovered, remaining solid consisting of the paper-
derived char and PA was pyrolyzed to recover caprolactam, a precursor
monomer of nylon-66. The schematic diagram of the recycling approach
in this study is illustrated in Fig. 1.

2. Materials and methods
2.1. Materials

PCC was collected from a refrigerated milk container (i.e., Horizon
Organic Milk) purchased from a local grocery store. The manufacturer of
the carton is Tetra Pak. Ultimate analysis and proximate analysis of PCC
are given in Table S1. According to our lab analysis, it contained 80% of
paper, 17% of PE, and 3% of PA. HPLC grade THF stabilized with
0.025% butylated hydroxytoluene (BHT) and sulfuric acid were pur-
chased from Fisher Chemical. LGO was purchased from GlycoSyn. Lev-
oglucosan (LGA) was purchased from Fisher-Scientific company, Inc.
Furfural and 1,4:3,6-dianhydro-a-D-glucopyranose (DGP), xylene and
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Fig. 1. Summary of PCC recycling approach.
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propanol were purchased from Sigma-Aldrich.

2.2. Pretreatment of PCC in THF solvent

PCC was ball-milled into small pieces with a diameter of about 1 mm.
The pretreatment of PCC in THF solvent was performed using 316
stainless-steel Swagelok reactors assembled using two 1/2 in. plugs and
a 1/2 in. port connector. The inner volume of the reactor was 3 mL. For
each experiment, 12 ~ 36 mg of PCC and 2 mL of THF were added to the
reactors. Calculated amounts of sulfuric acid were added to obtain the
solution with the desired acid concentrations. The sealed reactors were
shaken for 5 mins prior to the conversion to make sure that PCC particles
and the solvents were in good contact. An industrial fluidized sand bath
was used to supply heat for the conversion. After the sand bath reached
the preset reaction temperatures, the reactors were dropped into the
sand bath for heating. When the desired reaction time was reached, the
reactors were quickly taken out of the sand bath and immediately
quenched in a water bath at room temperature. The reaction time was
counted starting from when the reactors entered the sand bath until they
were removed for the quenching.

The liquid and solid suspension inside the reactor were extracted
using a glass syringe and filtrated using a 0.45 pm glass fiber filter. The
filtrate was stored for further characterization, and the solid residue was
dried at 40 °C inside a vacuum oven overnight before it was weighted.
The gas yield was negligible in all the tested cases, determined by
weighing unsealed reactors before and after the reactions. Thus, the
product yields were determined using the equations given below:

mass of solid residue

Solid yield (%) =
olid yield (%) total mass of feedstock

Liquid yield (%) = 100% — solid yield (%)

2.3. Solvent-dissolution separation of THF-pretreated solids

The solids obtained from the THF pretreatment above were further
separated using a non-polar and polar solvents combined method similar
to it was described in previous studies (Georgiopoulou et al., 2021;
Pappa et al., 2001). First, the pretreated solids and xylene were mixed at
aratio of 1:15 (g/mL) in a beaker. The mixture was heated to 85 °C for 2
hrs with a stirring rate of 300 rpm. The hot solution was filtrated to
remove insoluble materials. Subsequently, a three-times volume of 1-
propanol was added to the filtered solution dropwise to precipitate the
xylene soluble products. The above process was repeated twice before
both the soluble and insoluble products were dried overnight to remove
residue solvents.

2.4. Hydropulping of PCC

In this study, the original PCC (untreated) was also subjected to
hydropulping to remove the paper fraction and recover water-insoluble
materials consisting of PE and PA (Georgiopoulou et al., 2021). PCC was
cut into small pieces (1 cm x 1 cm) and then mixed with water at a ratio
of 1:30 (g/L). The mixture was stirred at 500 rpm for 5 hrs at ambient
temperature. The paper pulp and the synthetic polymers were separated
by centrifuge. After most of the pulps were removed by the initial
filtration, the solution and water-insoluble polymers were further stirred
for an additional hour to further remove the residual pulp fiber. Finally,
the water-insoluble materials containing PE and PA were dried over-
night inside a vacuum oven.

2.5. GC-MS analysis

The chemical composition of the liquid products obtained during the
THF treatment of PCC was analyzed using an Agilent 7890B Gas Chro-
matograph (GC) equipped with Mass Spectrometer (MS) and Flame
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Ionization Detector (FID) equipped with two ZB-1701 (60 m x 250 pm
% 0.25 pm) capillary columns. Initially, the GC oven temperature was
held at 40 °C for 3 mins and then increased to 280 °C at 4 °C/min.
Finally, the oven was held at the final temperature for additional 4 mins.
Helium was the carrier gas with the column flow rate of 1 mL/min and
the split ratio of 20:1 at the GC inlet. The chemical composition of the
liquid products was identified with MS and quantified by FID. The
compounds were quantified based on calibration curves created using
their authentic chemicals. For each chemical, a five-point calibration
was performed to achieve a regression coefficient higher than 0.99.

2.6. Fast pyrolysis

Fast pyrolysis was performed using a micro-pyrolyzer system (Rx-
3050 TR, Frontier Laboratory, Japan) connected to an Agilent GC/MS-
FID system same as described above. About 250 pg of sample in a
deactivated stainless cup was pyrolyzed at 500 °C using helium as the
pyrolysis gas. The pyrolysis vapors were then swept into the GC/MS-FID
for product analysis. The flow rate of helium at the front inlet of the GC
was 156 mL/min, and the split ratio was 50:1. The GC heating profile
was the same as described above.

2.7. FTIR analysis

FTIR analysis was conducted using a Thermo Scientific Nicolet iS10
(Thermo Fisher Scientific Inc., Waltham, MA) equipped with a Smart
iTR accessory. The wavenumbers of the FTIR analysis ranged from 750
em™! to 4000 ecm ™. The sample was scanned 32 times at a resolution of

4 cm~! and an interval of 1 cm ™.

2.8. Elemental analysis

Elemental analysis was conducted using a CHNS elemental analyzer
(Vario Micro Cube) to determine the composition of carbon, hydrogen,
nitrogen, and oxygen on a moisture-free basis. Oxygen content was
determined by the mass difference. The high heating value (HHV) was
calculated using Dulong’s formula.

2.9. Thermogravimetric analysis (TGA)

TGA analysis was performed using a Mettler Toledo Thermog-
ravimetry/Differential Scanning Calorimetry system (TGA/DSC). About
20 mg of sample was placed inside an alumina pan and heated from
room temperature to 105 °C at a heating rate of 10 °C/min. The sample
stayed at 105 °C for 40 min to remove moisture and/or low-boiling
volatiles. The sample was then continually heated from 105 °C to
900 °C at a heating rate of 10 °C/min. Nitrogen gas with a flow rate of
100 mL/min was used as the sweep gas.

2.10. Melt rheology

Isochronal dynamic temperature sweep was performed using a Dis-
covery hybrid rheometer (DHR-2, TA Instruments) with 25 mm parallel
plate geometry. Temperature ramps were conducted with a maximum
temperature of 250 °C, fixed angular frequency of 10 rad/s, and strain of
1.25%.

3. Results and discussions
3.1. Selective decomposition of PCC by THF pretreatment

3.1.1. Effect of acid concentration

The PCC particles were converted in 210 °C THF solvents with acid
concentrations ranging from 10 to 20 mM. The mass balance of the
products is given in Fig. 2(a) as a function of reaction time. While more
than 50% of PCC decomposed in the first 45 mins reaction for all the
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Fig. 2. Effect of acid concentration during THF pretreatment of PCC at 210 °C.
Blue lines with @: 10 mM acid; red line with |ll: 15 mM acid; green lines with a:
20 mM acid. (a). liquid (dotted lines) and solid yields (solid lines); (b). LGO
(solid lines) and furfural yields (dotted lines). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

cases, its decomposition rate was positively correlated to acid concen-
tration. After 45 mins, there were no significant changes in solid and
liquid yields regardless of the acid concentrations. The liquid yields were
similar for 15 mM and 20 mM acids, about 65% at 50 mins. In com-
parison, the liquid yield was slightly lower with the 10 mM acid.

In the liquid products, LGO was the major monomer in the liquid,
followed by furfural. Their yields are shown in Fig. 2(b). LGO is a high-
valued biobased molecule that has applications in pharmaceuticals, the
synthesis of biobased solvents, and polymers (M. Sarotti et al., 2012;
Corne et al., 2013; Ostermeier & Schobert, 2014; Miiller et al., 2009). In
previous studies, LGO was produced from cellulose or lignocellulosic
biomass using catalytic pyrolysis or solvent-based conversion (Cao et al.,
2015; Kudo et al., 2011; Kudo et al., 2016; Lu et al., 2014; Zhang et al.,
2015). Furfural is also an important platform chemical widely used in
solvents, polymers, and chemical synthesis (Cai et al., 2013; Machado
et al., 2016). The maximum LGO yield of 15.2% (per the PCC mass) was
obtained with the 15 mM acid solution after 60 mins. The LGO yields
obtained with the 20 mM and 15 mM acid solutions were similar at the
initial stage of the reactions. However, the higher acid concentration in
the solution made LGO increasingly unstable at longer reaction times.
On the other hand, furfural yield was promoted as the acid
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concentration in the solutions increased. A maximum furfural yield of
8.1% was obtained with the 20 mM acid solution. Other than LGO and
furfural, DGP and levoglucosan (LGA) were also produced but with
much lower yields. Their yields are given in Figure S1. THF is a polar
aprotic solvent. Unlike polar protic solvents, aprotic solvents do not
donate hydrogen. Since caging effect of hydrogen ions in protic solvents
does not occur with aprotic solvents, acid-catalyzed reactions are
strongly enhanced in aprotic solvents even in the presence of a very
small amount of acid (Mellmer et al., 2014). Aprotic solvents were
previously used to convert biomass to produce various products such as
soluble sugars, LGO, LGA, hydroxymethyfuran, and furfural (Bai et al.,
2014; Cao et al., 2015; Ghosh et al., 2016; Ghosh et al., 2018; He et al.,
2017; Weingarten et al., 2014; Cai et al., 2014; Cai et al., 2013). It has
shown that the conversion in aprotic solvents can also lower the acti-
vation energy required to depolymerize the glycosidic chain in cellulose
compared to pyrolysis (Ghosh et al., 2016). Biomass conversion in
aprotic solvents is unique also because the product selectivity can be
tailored by choosing the solvent type and tuning acid concentration.
Usually, a higher polarity of solvent enhances cellulose depolymeriza-
tion to soluble sugars, whereas dehydration products are promoted with
a lower solvent polarity (Ghosh et al., 2016). When the same type of
solvent is used, low acid concentrations promote depolymerization re-
actions to produce LGA and soluble sugar oligomers, whereas increased
acid concentrations preferentially produce LGO. On the other hand,
furfural production is promoted by using water as a co-solvent of the
aprotic solvents (Braden & Bai, 2018; Cai et al., 2013; Cai et al., 2014).
Among various aprotic solvents, THF is particularly promising in con-
verting cellulosic feedstock. It is a biomass-derivable green solvent with
a moderately high polarity parameter. It also has a low boiling point of
66 °C, allowing the used solvent to be recovered using low energy. LGO
and furfural were produced preferentially in this study, suggesting de-
hydrations are the dominant reactions. It has been suggested that the
glycosidic chain of cellulose is first depolymerized to oligomer units and
LGA which further dehydrated into LGO via DGP as a precursor (Cao
etal., 2015; Hu et al., 2020). Furfural can be produced directly from the
cellulose chain by dehydration or as a secondary reaction product of
LGO and LGA. The reaction mechanisms of cellulose depolymerization
and dehydration were described in previous publications (Cao et al.,
2015; Ghosh et al., 2016; Ghosh et al., 2018).

3.1.2. Effect of solvent temperature

The effect of the solvent temperature was evaluated by fixing the
acid concentration of the solutions at 15 mM. As shown in Fig. 3(a), the
decomposition rate of PCC increased with increasing solvent tempera-
ture up to 230 °C. At 230 °C, the maximum liquid yield of 70% was
obtained with a 20 mins reaction. However, further increasing solvent
temperature to 240 °C did not significantly affect either the decompo-
sition rate or the final liquid yield. Regardless of the solvent tempera-
tures, the solid yields were stable at prolonged reaction times.

In Fig. 3(b), LGO and furfural yields both increased by the increasing
solvent temperatures. The maximum LGO yield of 19.2% and furfural
yield of 8.3% were achieved with the solvent temperature of 230 °C after
a 20 mins reaction. Although the time to reach its optimal yield reduced
with the solvent temperature of 240 °C, the yields of LGO and furfural
did not exceed the maximum yields obtained from the 230 °C case. As
shown in Figure S2, DGP and LGA yields also increased along with
temperatures, although they were still minor products compared to LGO
and furfural.

3.1.3. Effect of mass loading

The effect of PCC loading was evaluated by comparing the mass
loadings of 0.6%, 1.2%, and 1.8% using a 230 °C THF solution with 15
mM acid. As shown in Fig. 4(a), varying PCC loading had minimal effects
on the final liquid yield. However, the initial decomposition rate of PCC
was lower with the increased mass loading. With 1.8% mass loading, it
took 30 mins to reach 69.7% of liquid yield, while a similar liquid yield
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Fig. 3. Effect of solvent temperature during THF pretreatment of PCC with 15
mM acid. Purple lines with 4: 210 °C; blue lines with @: 220 °C; red lines with
Il 230 °C; green lines with a: 240 °C. (a) liquid (dotted lines) and solid yields
(solid lines); (b) LGO (solid lines) and furfural yields (dotted lines). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

was achieved within a 10 mins reaction when PCC loading was 0.6%.

As shown in Fig. 4(b), increasing PCC loading reduced the optimal
LGO yield from 19.2% with the 1.2% mass loading to 16.6% with the
1.8% mass loading. However, furfural yield was not affected by the
changing PCC loading from 1.2% to 1.8%. On the other hand, employing
the lowest PCC loading of 0.6% did not further increase LGO yield,
although furfural yield was reduced noticeably. In Figure S3, a
maximum DGP yield of 3.6% was obtained with 1.2% PCC loading. LGA
yields remained very low at all PCC loadings. Overall, 1.2% PCC loading
was the optimal mass loading to produce maximum monomer yields.

Noteworthy, no hydrocarbon products or nitrogen-containing com-
pounds were detected in the liquids produced in all the above cases after
the PCC was converted in the THF solutions. Thus, LDPE and PA in PCC
remained as solids after the THF pretreatments. Since the synthetic
polymers have much higher thermal stability than cellulose (Xue et al.,
2017; Zulfiqar et al., 2010), the paper fraction was selectively decom-
posed during the THF treatment.

3.2. Evaluation of THF-pretreated solids

3.2.1. TGA analysis results

As shown above, pretreating PCC in THF solvents was able to
selectively convert the paper fraction to produce up to 70% liquid
products containing biobased chemicals. The THF-pretreated solids
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Fig. 4. Effect of PCC mass loading during THF pretreatment at 230 °C with 15
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1.8%. (a). liquid (dotted lines) and solid yields (solid lines); (b). LGO (solid
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colour in this figure legend, the reader is referred to the web version of
this article.)

(TPS) with different THF temperatures were recovered at their respec-
tive optimal reaction times for reaching the maximum LGO yields, and
their TGA results were shown in Fig. 5. The TGA results of the original
PCC and the paper-removed carton (PRC) from the hydropulping of PCC
were also included for comparison. As shown in Fig. 5(a), PCC volatilizes
at two stages and leaves about 11% solid at 500 °C. Since the synthetic
polymers in the PCC can completely volatilize, the solid residue was
mainly derived from its paper fraction. As shown in Fig. 5(b), there were
two distinctive DTG peaks (i.e., mass loss rate) in PCC. The first peak at a
lower temperature region (<400 °C) corresponds to the decomposition
of the paper fraction, and the second peak occurring at a higher tem-
perature region (greater than400 °C) represents PE decomposition. The
mass loss of PA usually occurs at slightly lower temperatures than PE
(Sustaita-Rodriguez et al., 2019), but it is likely blended in the PE peak
due to its low content in the PCC. Since the paper fraction was removed
and thus PRC is a composite of PE and PA, its DTG includes a single mass
loss peak at the high temperature region. All TPSs showed very similar
TGA profiles. As it can be seen, there was also a single DTG peak for the
TPSs, although the peaks were broader than that with PRC. The low-
temperature mass loss related to the paper decomposition was mostly
gone, whereas the high temperature peak representing PE and PA
remained, confirming the selective decomposition of the paper fraction
by the THF pretreatment. The temperatures corresponding to their
respective maximum mass loss rates were nearly identical for all TPSs,
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PCC, and PRC, about 471-472 °C. In the TGA results of the TPSs, there
were about 30% of solid residue at temperatures at 500 °C or above.
Since PE and PA can completely devolatilize, the solids remaining dur-
ing the TGA analysis of TPSs are originated from paper, produced during
the THF pretreatment. While cellulose in the paper largely liquefies
during the solvent pretreatment, carbonized solid residue was also
produced in a smaller fraction due to the occurrence of condensation
reactions. The cellulose-derived carbonized char has high thermal sta-
bility due to its polyaromatic condensed structure. From the above
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results, it is determined that TPS consists of PE, PA, and the paper-
derived char.

3.2.2. FTIR analysis results

From the above, the TPS produced using 230 °C THF, 15 mM acid,
20 min reaction time was further subjected to the solvent dissolution
method described in section 2.3 above to obtain a xylene-soluble TPS (i.
e., XS-TPS) and a xylene-insoluble TPS (i.e., XIS-TPS). In Fig. 6, the FTIR
spectrum of XS-TPS and PRC were compared. In PRC, the bands at 2846,
2914, and 1462 cm™! standing for methyl and methane groups are
originated from PE. Additionally, the band at 1575 cm™! represents G =
O and N-H, and the band at 1539 cm ™! is for C-N and N-H bending. The
presence of the PA-derived bands confirms that PRC includes both PE
and PA. In comparison, the PA-related bonds were completely absent,
whereas the PE-related bonds remained in XS-TPS. The result shows that
PE and PA in the TPS were separated after the solvent-dissolution
treatment and by which PE was recovered as XS-TPS, whereas PA and
the paper-derived char remained as XIS-TPS. In XS-TPS, the small peak
at 1710 cm™! representing carbonyl C = O is possibly due to the slight
oxidation of PE during the THF pretreatment.

3.2.3. Pyrolysis-GC/MS and elemental analysis results

PRC, TPS, and XS-TPS were pyrolyzed to compare the GC chro-
matograms. As shown in Figure S4, pyrolysis of PRC produced a series of
alkanes and olefins as they are typical products from PE depolymer-
ization. Caprolactam was also found along with the hydrocarbon prod-
ucts. Since caprolactam is a PA-derived monomer, it is originated from
PA in PRC. In comparison, the pyrolysis products of XS-TPS shown in
Fig. 7(a) were PE-derived hydrocarbons. Caprolactam was not observed,
which further confirms that PA was removed and XS-TPS is consisted of
PE. Compared to PRC which is mixed polymers, XS-TPS can make a
higher-quality feedstock for energy applications. Since it is basically PE,
XS-TPS can be pyrolyzed to produce liquid hydrocarbon fuel molecules
or combusted as a cleaner and higher energy density fuel.

The GC/MS spectrum of XIS-TPS pyrolysis shown in Fig. 7(b) has the
dominant peak of caprolactam originated from PA decomposition. Other
product peaks were very low, suggesting the volatile product was nearly
exclusively caprolactam. Although the paper-derived char from the THF
pretreatment also remains in XIS-TPS, they are thermally stable with low
volatility, as described above. Recovering caprolactam from waste ma-
terials has been of interest as it is the precursor monomer in nylon-6

1500 1000 500

L

2000 1500 1000 500

Wavenumbers (cm-!)

Fig. 6. FTIR spectrum of PRC and XS-TPS (obtained from TPS produced at 230 °C THF, 15 mM acid, 20 min reaction time. Same for the rest of the figures). The insert

is zoomed-in.
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Fig. 7. Pyrolysis GC/MS chromatograms of (a) XS-TPS, and (b) XIS-TPS.

synthesis (Chen et al., 2013; Czernik et al., 1998; He et al., 2004; Xu
etal., 2013). Based on the approach presented in this study, caprolactam
with relatively high purity could be recovered by pyrolyzing XIS-TPS
and condensing the vapor.

The elemental analysis results of XIS-TPS are given in Table S2.
Compared to the results presented in Table S1 for PCC, XIS-TPS had an
increased carbon content and a lower oxygen content due to the paper-
derived char in this product. The nitrogen in XIS-TPS was originated
from PA. The HHV of XIS-TPS was 22.17 MJ/kg, higher than 17.53 MJ/
kg for PCC. Thus, the paper-derived char in XIS-TPS could also be
considered as a solid fuel or other applications such as biochar or
absorbent as these applications were already explored in previous
studies (Ayiania et al., 2019; Sotoudehnia et al., 2020).

3.2.4. Melt rheology of recycled plastics

Other than being used as an energy source, the synthetic polymers
recycled from PCC could be reapplied as polymers or composite mate-
rials (Kaiser et al., 2017; Robertson, 2021). As melt processibility is
important in processing recycled polymers, PRC and XS-TPS were both
subjected to isochronal temperature sweep scans to evaluate their melt
rheology. The results are given in Fig. 8. In rheologic measurement,
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storage modulus (G') represents the elastic property of a material
whereas loss modulus (G”) represents the viscous property. In Fig. 8(a),
G” became higher than G' at 132 °C for XS-TPS, indicating it turns into
viscous material due to PE melting. The G' was higher than the G” at a
higher temperature region until they crossed at 232 °C. The transition of
a viscous material to an elastic material at this temperature is due to
crosslinking of the recycled PE. The complex viscosity (n*) of XS-TPS
remains low for the tested temperature range. It decreased with
increasing temperature until the polymer property degrades at 230 °C
and above. The polymer chain session followed by radical coupling of
the chain fragment ends develop a crosslinked structure, therefore
severely limiting the flowability of the polymer due to its restricted
structure. The above results suggest that the recycled PE obtained from
this study (i.e., XS-TPS) has excellent melt processability at low tem-
peratures. The rheology results of PRC are given in Fig. 8(b). The G' was
higher than the G” in a wide temperature range, although their values
approached each other at temperatures of 219 °C and above. The cor-
responding n* of PRC was also much higher than that of XP-TPS until the
temperature reaches 222 °C. Thus, PRC was an elastic material that was
not melt-processible at the given temperature range. This is because the
melting temperature of PA in PRC is 255-268 °C, higher than the
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Fig. 8. Isochronal temperature sweep scans of (a) XS-TPS and (b) PRC.
maximum temperature used during the rheology test.
3.3. Advancement of the state of the art

As described in the introduction, prior-art approaches downcycled
PCC to lower-value products (e.g., pulps, solid char, low-quality fuels)
and/or only utilized selective compositions of PCC. In the present study,
we explored a new approach to upcycle PCC, thereby maximizing the
values of the final products. The PCC used in the present study belong to
chilled package category, according to the Tetra Pak manufacturer. This
specific PCC used for storing popular dairy products did not contain
aluminum but PA in addition to paper and LDPE. Due to the polymer
properties of PA and LDPE, it is more challenging to recycle this kind of
PCC. The advancement in our recycling approach compared to prior arts
is listed below:

1) High-valued biobased chemicals (e.g., $10,000/ton for LGO) were
produced from PCC using a single step process without pre-
treatments. It should be noted that none of the previous recycling
approaches produced chemicals using PCC. While the chemicals
(other than caprolactam) are originated from the cellulose fraction,
the presented single step approach is much more effective than
converting hydropulped paper. For hydropulping, PCC needs to be
soaked in water for hours. The pulp fibers are then filtered and dried
before they could be used as a cellulosic feedstock for chemical
production. In comparison, the single-step conversion does not need
to deal with energy-intensive water evaporation and wastewater
treatment. Furthermore, high monomer yields were obtained from
PCC using short reaction times. Thus, the presented work provides an
energy efficient, conversion effective, rapid and simple approach for
obtaining high-value chemicals from PCC. Since this process selec-
tively decomposes paper without impacting the plastic compositions
in PCC, other fractions of PCC could also be recycled.
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2) By using the non-polar solvent-based dissolution, PE and PA could be
recovered separately from the solid residue of the pretreated PCC
after the biobased monomers were produced. The recovered PE
could be used as a new plastic material or the feedstock of high-
quality hydrocarbon fuels; The insoluble fraction containing PA
and paper-derived char (XIS-TPS) could be directly pyrolyzed to
recover caprolactam in high selectivity. The high selectivity of
caprolactam was possible because paper-derived char fraction was
thermally stable during pyrolysis. In comparison, pyrolyzing either
PCC or the paper-removed PCC would produce complex oils con-
taining low-selectivity caprolactam mixed with paper and PE-
derived organic molecules. Recovering caprolactam from such
mixture oils is significantly more challenging than the presented
approach.

The presented recycling approach could also be applied to
aluminum-containing PCC. When the same process is employed,
aluminum would end up in XIS-TPS along with PA and paper-derived
char. After pyrolyzing XIS-PS to recover caprolactam, the aluminum
and paper-derived char could be separated by their density
difference.

3)

. Conclusions

Post-consumer carton packagings consisting of paper, PE, and PA
were upcycled using a two-step approach. The pre-conversion of PCC in
THF using dilute acid as catalyst produced up to 70% liquid consisting of
LGO, furfural, DGP, and LGA. The acid concentration, solvent temper-
ature and PCC mass loading could be optimized to increase the monomer
yields, although the maximum liquid yield was not significantly affected
by the pretreatment conditions. In this study, the maximum LGO yield of
19.2% and furfural yield of 8.3% were obtained directly from the carton
by converting it using the solvent temperature of 230 °C and acid con-
centration of 15 mM. The TPS was a mixture of unreacted PE, PA, and
paper-derived char residue. This solid was further separated into XS-TPS
fraction and XIS-TPS by dissolving it in xylene. The FTIR analysis and
the compositions of its pyrolysis products suggested that XS-TPS is a
recycled PE. On the other hand, pyrolysis of XIS-TPS consisting of PA
and paper-derived char almost exclusively produced caprolactam as the
major vapor product with the remaining char could be used as solid fuel.
Melt rheology results showed that the recycled PE could easily be melt-
processed at temperatures above 130 °C. In comparison, the plastic
fraction remaining after the hydropulping was not melt-processable at
temperatures below 250 °C due to the high melting temperature of PA in
the PE and PA composite. In future work, the economics of the recycling
process should also be evaluated.
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